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Abstract 
______________________________________________________________________________  
 
 
In almost any scientific experiment, we take into account some particular 
properties of materials, e.g. electromagnetic, mechanical, thermal, etc. 
These properties determine a majority of the physical phenomena that arise 
from the interaction with matter, and thus restrict potential applications of 
natural materials. The discovery and subsequent development of novel 
materials regularly boost the standards of living through new technological 
progress and cutting-edge research. One of the very recent and promising 
discoveries is related to the field of metamaterials - artificially structured 
media with subwavelength patterning. These artificial materials offer a 
unique platform with large flexibility and unusual properties for tailoring 
acoustic and electromagnetic waves, including novel ways for the 
manipulation of light. In this thesis, I employed the concept of 
metamaterials for both the study of new physical phenomena related to the 
emerging field of topological photonics and also develop innovative 
applications of specific metamaterials for the advancing the magnetic 
resonance imaging (MRI) machines. 
 Chapter 1 provides an introduction to the field of metamaterials and 
their unusual properties, starting from the definition of meta-atoms and 
expanding to more complex structures, including one-dimensional meta-
chains and metasurfaces. This is followed by an introduction to the fields of 
topological photonics and magnetic resonance imaging techniques. The 
experimental approaches based on a microwave platform are also 
described. Finally, the thesis motivation and structure are summarized. 
 Chapter 2 presents experimental studies of topological features of 
zigzag arrays of dielectric particles. It includes the first experimental 
observation of the subwavelength photonic topological edge states, 
topological phase transition in the chains of dielectric particles, as well as, 
the study of the specific features of the photonic spin Hall effect mediated 
by the excitation of the subwavelength topological edge states. 
 Chapter 3 describes the study of bianisotropic metasurfaces and 
metamaterials. The experimental designs of bianisotropic metallic and 
dielectric metasurfaces are presented, with a direct observation of 
xiv  
 
topologically nontrivial edge states. Further, it is revealed how to couple 
topologically protected metasurfaces to form three-dimensional all-
dielectric topologically nontrivial bianisotropic metamaterials and 
metacrystals. 
 Chapter 4 focuses on the study metasurfaces based on resonant 
arrays of metallic wires used for advancing magnetic resonance imaging 
(MRI) characteristics. A new conceptual idea for the substantial 
enhancement of signal-to-noise ratio of a 1.5T MRI is presented. This 
approach is further developed and extended to ultra-high field MRI (7T) 
where a direct evaluation of the metasurface properties is examined during 
in-vivo human brain imaging. 
 Chapter 5 summarizes the results and concludes the thesis. 
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Chapter 1  
 
______________________________________________________________________________ 
Introduction 
______________________________________________________________________________  
 
 
1.1. The concepts of metamaterials and meta-optics 
In the beginning of 21
st
 century, the term “Metamaterials” was associated 
most often with a medium with both negative permittivity and permeability 
in the same frequency range (so-called left-handed media). Wave 
propagation in such material was discussed and analysed by Soviet 
physicist Prof. Victor Veselago in his seminal paper [1] published in 1967. 
However, it took more than 30 years to implement a material with a 
negative refractive index. In fact, the basis of modern metamaterials was 
enabled by the theoretical works of Prof. Sir John Pendry, who suggested a 
way to implement negative material parameters [2, 3] as well as 
theoretically proposing the concept of the “Perfect lens” [4]. Later on, the 
group of Prof. David Smith experimentally confirmed the existence of 
negative refraction [5, 6], which has opened a road for metamaterial 
development.  
 Subsequently, the term “Metamaterials” has been expanded far 
beyond a medium with negative refractive index [7]. Currently, 
metamaterials are artificial composite materials that exhibit 
electromagnetic properties, which cannot be found in naturally available 
materials [8]. Thanks to these characteristics, they can affect 
electromagnetic waves in an unconventional and fully controlled manner. 
The concept of metamaterials has quickly predicted a broad range of effects 
in various parts of the electromagnetic spectrum, from radio to visible 
waves [9]. Now, this is a rapidly developing multidisciplinary area of 
research bridging optics, radio science, engineering and materials science 
[10].  
 The properties of natural materials are determined by the individual 
atoms and molecules from which they are composed. In the contents of 
metamaterials concept, one can create artificial structural units, so-called 
"meta-atoms," using available natural materials. The general rule of thumb 
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is that the meta-atom's sizes and periodicity are subwavelength, e.g. five 
times smaller than the size of the wavelength of interest. The smallness of 
the metamaterials structural details in comparison with an electromagnetic 
wavelength makes it possible to describe the metamaterials properties in 
terms of macroscopic characteristics, as in the case of condensed matter in 
macroscopic electrodynamics [11]. Importantly, the electromagnetic 
properties of metamaterials are determined by the geometrical shape and 
materials of meta-atoms, their arrangement, orientation and mutual 
coupling [12]. So in such a way, it is possible to design almost arbitrary 
electromagnetic parameters of artificial structures, overcoming the 
limitations of conventional materials and developing an entirely new 
  
Figure 1.1: Examples of the meta-atoms of different geometries formed 
into the specific arrays, periodic two-dimensional surfaces, and three-
dimensional metamaterials. (Image partially adapted from [13]) 
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paradigm in material science. The meta-atoms can be made from metallic,  
dielectric and hybrid materials with arbitrary shapes and functionalities, 
e.g. exhibiting a nonlinear or active response [13, 14]. Next, these meta-
atoms can be arranged to form meta-arrays [15], structured surfaces (two-
dimensional metamaterials or metasurfaces [16]) and three-dimensional 
metamaterials with a given shape and periodicity determined by the 
specific applications and desirable properties (see Figure 1.1). 
 Different novel electromagnetic characteristics have been revealed in 
a broad range of metamaterials structures during the last two decades. The 
first phase of metamaterials development was related to the concept of 
negative refraction [17, 18]. The comprehensive work of Veselago has 
shown that some materials may have a negative sign of the refractive index 
  if the dielectric permittivity   and magnetic permeability   are 
simultaneously negative [1]. In contrast to natural materials where the 
refracted light propagates on the other side of the normal to the surface, in 
the case of negative refractive index materials the refracted wave 
experiences negative refraction and therefore incident and refracted waves 
stay on the same side of the normal (Figure 1.2(a)). This has been 
experimentally confirmed both in the microwave [6] and optical 
frequencies [19].  
 Perhaps the most exciting application of negative index materials is 
in the area of imaging with superior resolution [20]. Discovered by Ernst 
Abbe, a fundamental diffraction limit says: whenever an object is imaged 
with the aid of standard imaging system, such as a lens or a system of 
lenses, fine details, e.g. smaller than the wavelength, are lost in the image 
[21]. This means that a microscope could not resolve two objects located 
closer than      , where λ is the wavelength of light and NA is the 
numerical aperture of the imaging system. The information is lost because 
the imaging device operates only with propagating harmonics emitted by a 
source. Spatial harmonics, which contain data about the subwavelength 
details of an object, are evanescent waves, which exhibit exponential decay 
in free space and become practically undetectable in the field creating the 
image. The absence of contributions from evanescent waves in the focused 
field is the fundamental reason for Abbe’s diffraction limit [21]. However, 
as was mentioned above, the concept of the "Perfect lens" permits imaging 
with subwavelength resolution in the far field via the passive and linear 
device called a superlens. Pendry found that a slab with the refractive index 
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     in the ideally lossless case forms a perfect image by way of 
amplification of evanescent waves across the slab compensating their decay 
in free space [4]. Hence, the sub-wavelength details, which are lost in the 
region between the source and a lens can be restored to obtain a super-
resolved sharp image (Figure 1.2(c)). The microwave [22] and optical [23] 
superlens prototypes have been fabricated, and the abilities to overcome the 
diffraction limit have been shown.  
 The second research direction in the field of metamaterials appeared 
with the introduction of the concept of transformation optics [24, 26]. 
Transformation optics rely on the fact that the Maxwell's equations are 
invariant under coordinate transformations if the permittivity and 
 
Figure 1.2: Different concepts of metamaterials and their applications. (a) 
The distribution of the electric field shows standard refraction at the 
boundary of a dielectric (left panel) and negative refraction of the beam 
incident on the surface of a material with negative refractive index [17]. (b) 
The concept of transformation optics showing a coordinate transformation 
and the possibility to conceal the spherical object [24]. (c) A schematic 
view of the microscope based on an ideal negative refractive index material 
lens should focus both propagating and evanescent waves into an image 
with superior resolution [20]. (d) Experimentally measured electric field 
distribution around the bare conducting cylinder (top) and the simulation of 
the cylinder placed inside a cloak with specific material properties [25]. 
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permeability tensors of the material also transform in the proper way 
(Figure 1.2(b)). This transformation usually requires exotic values of 
electromagnetic parameters, and therefore its realization was almost 
impossible before the appearance of metamaterials [9]. Transformation 
optics offers unique possibilities to shape the flow of light in an almost 
arbitrary way and has found some applications in nanophotonics [27]. One 
of the most exotic and challenging applications of transformation optics is 
the construction of a cloak of invisibility. An object (without cloaking) can 
be invisible in a homogeneous medium if its dimensions are negligibly 
small because any object with a finite size would scatter the incident 
radiation. With the aid of a coordinate transformation, which transforms a 
point object into an object with finite dimensions, it can be possible to 
design a cloak that guides electromagnetic field around the hidden space 
and allows it to resume its original pattern on the far side [24]. The first 
experimental verification of the cloaking scheme based on transformation 
optics was realized in the microwave frequency range, where the possibility 
to cloak a copper cylinder was demonstrated (Figure 1.2 (d)) [25].  
 Simultaneously with the introduction of transformation optics 
concepts, followed by an enormous amount of interest in the cloak of 
invisibility [28, 29, 30, 31], several new research directions were formed in 
the field of metamaterials. In particular: hyperbolic metamaterials [32], 
bianisotropic metamaterials [33], transmission-line based metamaterials 
[34], active and tunable metamaterials [35], nonlinear metamaterials [36] 
and optical nanocircuits inspired by metamaterials [37]. Here I would like 
to briefly comment on the last two sub-fields.  
 Nonlinear metamaterials established a new research direction giving 
rise to the next generation of metamaterials [36]. The relevance of these 
studies is driven by numerous possibilities of exploiting the nonlinear 
processes for control of electromagnetic radiation, a realization of tunable 
devices, harmonic generation and other phenomena. Conventional 
approaches offer a nonlinear response achieved with an effect of one 
physical nature, typically, an electric nonlinearity of a dielectric host [38, 
39, 40], or that of a semiconductor within specific insertions [41, 42]. 
However, quite recently a new sophisticated nonlinear coupling mechanism 
has been suggested, where the direct interplay of electromagnetic and 
mechanical properties offers exciting possibilities and bring enhancement 
to nonlinear behaviour [43]. First, it was achieved in magnetoelastic  
8 Introduction 
 
metamaterials. Under external excitation, the induced currents in the meta-
atoms give rise to Ampère forces, which uniformly act towards the 
attraction of the metamaterial layers and changes the lattice constant and 
thus, the resonance frequency (Figure 1.3(a)). This approach has been 
further explored in the several experimental works [46, 47, 48].  
 Another fascinating concept related to optical nanocircuits was 
suggested by Engheta [49]. The novel lumped elements, e.g. 
nanocapacitors, nanoinductors, and nanoresistors have been introduced 
with the aid of meta-atoms with either a positive or negative real part of the 
permittivity or nonzero imaginary part correspondingly (Figure 1.3(b)). 
The main motivation is to bring into the field of optics well-studied 
machinery and mathematical tools of circuit theory and designs, linking the 
macroworld and nanoworld, thus leading to the development of novel 
photonic devices with unique functionalities and capabilities of optical 
processing, storage and data exchange at the nanoscale [37].  
 
Figure 1.3: (a) The concept of magnetoelastic metamaterials showing the 
electromagnetically induced compression of the metamaterial fragment 
[43]. (b) Subwavelength meta-atoms play the role of lumped nanocircuit 
elements at optical frequencies and may form metamaterial-inspired 
nanoelectronics [37]. (c) Electric and magnetic field distributions inside a 
metallic split-ring resonator and a dielectric nanoparticle (left). Dark-field 
microscopic image of a silicon sample (center) [44]. The concept of 
metasurface based on dielectric particles (right) [45].  
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 One of the most exciting opportunities offered by metamaterials is 
the possibility to develop meta-atoms which may control not only the 
electric fields but also the magnetic fields [50]. This unique opportunity 
opens a new road in the field of optics, which usually considered only 
electric field contributions, and form a new direction of meta-optics [51]. It 
is fair to say that until very recently, the full potential of meta-optics was 
not explored, due to the use of plasmonic structures made of noble metals, 
such as silver or gold [52]. These structures suffer from high losses of 
metals, heating, and incompatibility with complementary metal oxide 
semiconductor fabrication processes. On the other hand, the recent progress 
in the field of high-index dielectric and semiconductor nanoparticles 
suggests an entirely novel platform for the development of optical low-loss 
metamaterials [53]. In contrast to the plasmonic particles which produce 
localized surface plasmon resonances of an electric type, dielectric particles 
may support both electric and magnetic dipole resonances of comparable 
magnitude. Recent understanding of optical Mie resonances of high 
permittivity particles pushed the research community to employ them as 
building blocks of metamaterials [45]. The well-known meta-atom which 
supports magnetic dipole response is the metal ring with a gap, so-called 
split-ring resonator (SRR). The plane wave excites the currents inside the 
SRR which produces a transverse oscillating magnetic field in the center of 
the ring (Figure 1.3(c)) [7]. Alternatively, the strong magnetic response of 
the dielectric sphere results from the coupling of the external excitation to 
the circular displacement currents of the electric field, due to the field 
penetration and phase retardation inside the spherical particle [45]. The first 
experimental observation of strong magnetic resonance of spherical 
dielectric nanoparticles was reported in 2012 [44, 54], in particular via dark 
field microscopy (Figure 1.3(c)). Resonant dielectric particles serve as new 
building blocks for novel metamaterials, including two-dimensional 
ultrathin optical components (metasurfaces) and metamaterial-based 
devices (Figure 1.3(c)) [55]. 
 Metamaterials can potentially be used either to study new physical 
phenomena or they can be employed as novel devices (metadevices) for 
unique applications. 
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1.2. New physics: topological photonics 
For quite a long time topology was believed to be a purely mathematical 
discipline without any real applications to physics. Formally, topology is a 
branch of mathematics that studies the properties of objects that are 
invariant under smooth continuous deformations. For example, a coffee cup 
and a donut are topologically equivalent since it is possible to change one 
into another continuously. However, with the discovery of a new 
topological phase of matter the applications of topology in physics 
appeared and significantly spread throughout different areas [56]. The 
recent emergence of topological insulators [57], topological 
superconductors [58] and topological phase bring this mathematical tool to 
the forefront of modern physics with a broad range of very prospective 
applications. In 2016, the Nobel Prize in Physics was awarded "for 
theoretical discoveries of topological phase transitions and topological 
phases of matter," that further highlight the importance of this research. 
 The best-known examples of new states of matter are quantum spin 
Hall effects [59, 60, 61] and topological insulators [62, 57, 63]. The 
conventional insulator has an energy gap separating the filled and empty 
bands of electronic states, and therefore in such a system, there is no 
current conduction. The existence of a bulk energy gap does not guarantee 
that there is always no current conductance. Similar to the conventional 
insulator, a topological insulator has a bandgap. Despite the fact that both 
materials have an energy gap they are different, more precisely they are 
topologically inequivalent [56]. This difference is hidden inside the band 
structures of both systems and can be characterized precisely by the 
topological invariants, while in the case of a conventional insulator it is 
zero in the case of a topological insulator it is a non-zero integer [57]. This 
integer is known as the Chern number. By a combination of topologically 
inequivalent materials together, the main feature of a topological insulator 
would appear at the border between two distinct materials - topologically 
protected edge states, which allow for current to flow in one direction only, 
and importantly, are insensitive to scattering from impurities and disorder. 
These unique states can be characterized by a new organizational principle 
of quantum matter, known as the topological order, which cannot be 
described relying solely on the symmetry considerations [57].  
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 The successful studies of topological features in electronic systems 
gave rise to the search for analogous states in classical systems. In 2005 
Haldane and Raghu theoretically suggested an electromagnetic analogue of 
the quantum Hall effect in artificially designed electromagnetic crystal, 
 
 
Figure 1.4: (a) A photograph of the first electromagnetic analogue of a 
topological insulator implemented by the gyromagnetic photonic crystal. 
The structure was placed inside a parallel plate waveguide and surrounded 
with microwave-absorbing materials [64]. (b) Numerically calculated 
electromagnetic field profile of the edge mode demonstrating the 
unidirectional propagation and topological protection of the edge mode 
against metallic defect [64]. (c)  Measured transmission spectra along the 
domain wall showing the large difference between the forward and 
backward transmission in the frequency range of interest (marked yellow 
shaded area) [64]. (d) Schematic illustration of a unique robust 
electromagnetic circuit realized by the photonic crystals with the different 
Chern numbers [65]. 
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known as photonic crystal [66]. Several years later this theoretical idea was 
expanded [67] and experimentally confirmed by the group of Soljačić [64].  
 The first electromagnetic analogue of the topological insulator was 
realized in the microwave frequency range with the gyromagnetic photonic 
crystal. To distinguish the topologically trivial from non-trivial band 
properties in the photonic crystal, it is enough to calculate its Chern 
numbers. The Chern number of a particular band (n) of a two-dimensional 
photonic crystal is an integer determined by [68, 64]: 
 
   
 
   
    
  
 
   
  
   
 
   
  
   
     (1.1) 
 
where the k-space integral is performed over the first Brillouin zone, and 
the Berry connection is 
 
   
 
                      
         
                 (1.2) 
 
where     is the periodic part of the electric-field Bloch function,      is 
the dielectric function, and the asterisk indicates the complex conjugation. 
In the proof-of-principle experiment, a photonic crystal with a Chern 
number of 1 was realized [64]. It was based on the two-dimensional square 
lattice of gyromagnetic ferrite rods inserted into a parallel plate waveguide 
(Figure 1.4(a)). The parameters of the structure were tuned to obtain a 
quadratic point-degeneracy comprising a pair of Dirac cones between the 
second and third TM bands. This structure exhibits a topological transition 
with the application of a static magnetic field that breaks time-reversal 
symmetry and leads to a complete band gap between the second and third 
bands.  
 Since the Chern number was equal to 1, a single topologically 
nontrivial mode could potentially be excited at the boundary between 
topologically trivial and nontrivial materials. To form such a domain wall, 
the non-magnetic metallic boundary was placed next to the photonic 
crystal. Figure 1.4(b) shows the calculated electromagnetic field in the 
system in the frequency range of interest. The excitation of a unidirectional 
edge state is confirmed. Notably, the topological mode in this photonic 
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crystal propagates unidirectionally even in the presence of the metallic 
defect [64]. The same behaviour of the topological mode was revealed in 
the experimental measurements of forward and backward transmission, 
where approximately 50 dB higher forward transmission was detected 
(Figure 1.4(c)). The photonic crystal which supports the topologically 
protected edge mode may enable implementation of very robust 
electromagnetic waveguides. Recently, it was theoretically [69] and 
experimentally [70] demonstrated that in a similar system simultaneous 
gapping of multiple pairs of Dirac cones leads to larger bulk Chern 
numbers (C = 1, 2, -3 and -4). Since the Chern numbers determine the 
number of topological edge modes, there exist an ability to design a one-
way electromagnetic circuit in which the topological modes can be split at 
the corner and redirected to different directions (Figure 1.4(c)) [69, 70, 65]. 
The systems based on magnetic ferrites have demonstrated a unique 
performance in the microwave frequency range. However, such principles 
cannot be translated to optical frequencies due to the lack of magnetic 
materials.  
 The next crucial stage in the development of electromagnetic 
topological insulators was the realization of optical systems which support 
topologically nontrivial edge states. Within the next several years after the 
experimental realization of the first microwave prototype of the topological 
insulator, several different nontrivial systems were proposed and 
experimentally realized in the optical frequency range [71, 72]. The first 
experimental study of an optical version of the topological insulator was 
reported in [71], via the realization of a Floquet topological insulator, 
which was also investigated theoretically in the photonic system with 
spatially coherent time-domain modulation [73]. The system was realized 
based on an array of coupled helical waveguides arranged in a graphene-
like honeycomb lattice (Figure 1.5(a)). The paraxial approximation of 
Maxwell's equations leads to an equation governing diffraction that is 
equivalent to the Schrödinger equation where the propagation coordinate (z 
- axis along the waveguide) acts as time [74]. The helicity of the 
waveguides is formally equivalent to an oscillating potential in accordance 
with Floquet's theorem, which gives way to topologically nontrivial bands. 
Thus, the conducted experiments revealed the existence of a topologically 
protected mode in this photonic system that moves in a single direction 
even in the presence of disorder [71].  
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Figure 1.5: (a) Artist's view of an electromagnetic analogue of Floquet 
topological insulator based on a hexagonal array of coupled helical 
waveguides [71]. (b) The scanning electron microscope image of the 
topologically protected photonic structure based on an array of silicon ring 
resonators with judiciously controlled neighbor coupling [72]. (c) 
Schematic representation of the hexagonal lattice of the metamaterial and 
possible structures of its meta-atom with a bianisotropic response which 
can be used to design a photonic topological insulator [75]. (d) A review 
article on topological photonics was published in the November 2014 issue 
of Nature Photonics. In recognition of the importance of the new emerging 
field, a front cover showing the unidirectional propagation of the 
topological edge mode was designed [76]. This article gave birth to the 
field of topological photonics. 
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 Another optical topologically nontrivial system was based on a 
properly designed array of ring resonators [72]. In condensed matter 
systems the application of a magnetic field results in the acquisition of an 
additional phase by the electrons' wavefunctions (Aharonov-Bohm effect). 
While photons do not interact with the magnetic field, they may acquire a 
phase change, and therefore the realization of a similar phase dynamic in a 
photonic system may lead to the appearance of topologically nontrivial 
photonic states [72, 77, 78, 79]. To achieve this goal, the researchers engi- 
neered different couplings through individual links between the ring 
resonators and so the photons propagating left to right or right to left follow 
different paths and acquire different phases (Figure 1.5(b)). The light 
distribution in such a system was imaged with an infrared camera, and the 
propagation of topologically protected edge states was observed [72].    
 An alternative approach to achieve topologically nontrivial 
properties in the photonic system without magnetic materials was proposed 
in 2013 based on a metamaterials platform [75]. It was theoretically 
revealed that bianisotropic metamaterials allow emulation of the quantum 
spin Hall effect (Figure 1.5(c)). This method relies on the engineering of 
material parameters restoring polarization degeneracy of electromagnetic 
waves followed by design of effective spin-orbital interaction. This leads to 
the appearance of topologically nontrivial photonic states with exceptional 
properties, including a substantial suppression of scattering from structural 
imperfection and disordered regions [75]. In the framework of my Ph.D. 
thesis this method was substantially expanded, including the realization of 
photonic friendly two- and three-dimensional designs and several 
experimental prototypes, these will be discussed in Chapter 3.  
 The above-mentioned concepts form the background for the 
appearance of the exciting novel field of topological photonics [76] – a 
branch of photonics focused on the engineering of electromagnetic systems 
where non-trivial topological effects of light can be explored [65]. This is a 
rapidly developing multidisciplinary area, bridging the knowledge of 
condensed matter physics, photonics, material science, phonic crystals, and 
metamaterials. During the last eight years, topological edge states were 
theoretically [80, 81, 82, 83, 84, 85, 86, 87, 88] and experimentally [89, 90, 
91, 92, 93, 94, 95, 96] studied in the broad range of photonic structures, 
including one- [97], two- [98], and three-dimensional [99] linear and 
nonlinear [100, 101, 102] systems.   
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1.3. Novel metadevices: enhancement of magnetic resonance 
imaging (MRI) sensitivity 
Metamaterials can affect the electromagnetic wave in an unconventional 
manner. This unprecedented degree of freedom in the manipulation of 
radiofrequency (RF) fields offered by metamaterials allows to overcome 
problems in many applications. One potential area where metamaterials can 
be extremely useful is magnetic resonance imaging (MRI), where the 
guiding and manipulations with electromagnetic waves plays an important 
role, especially regarding RF field homogeneity, the sensitivity of detectors 
and RF safety. 
 Generally, magnetic resonance is one of the most widely-used 
physical phenomena in both basic science and clinical diagnosis of disease 
[103]. In basic chemistry and biochemistry laboratories, nuclear magnetic 
resonance (NMR) is used to determine the chemical structure and 
biological activity of many different biologically important molecules such 
as proteins and DNA, either in the liquid or the solid state. In hospitals 
MRI is one the most important modalities for detecting diseases in patients, 
with over 4000 clinical MRI systems used worldwide, and over 10 million 
scans performed per year [104]. 
 MRI provides a spatial map of the hydrogen nuclei (water and lipid) 
in different tissues [105]. The image intensity depends upon the number of 
protons in any spatial location, as well as, the physical properties of the 
tissue such as viscosity, stiffness and protein content. In order to perform 
an examination, the sample under study is placed inside the tube of MRI 
machine in the region of a very strong static magnetic field. The nucleus 
does possess an overall spin. Usually, spins are randomly oriented, while 
when an external static magnetic field    is applied, the spins orient 
themselves according to the magnetic field. The spins start to precess 
around the axis of the magnetic field. The frequency of the precession, 
known as the Larmor frequency is proportional to the product of 
gyromagnetic constant and the    field strength, e.g.      . Since the 
parallel alignment with the static magnetic field is energetically more 
favorable than the antiparallel one, the sample acquires a longitudinal 
(along with the   ) magnetization. This magnetization vector can be 
disturbed from the equilibrium position with the application of transverse 
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radiofrequency (RF) magnetic field    at a frequency corresponding to the 
Larmor frequency. The application of    introduces a phase coherence 
among the spins. Due to the mutual interaction between the protons, this 
coherence decreases. Also, an application of RF pulse allows some protons 
to absorb energy and move up to the higher energy states [103]. It is 
important to note that in the transverse plane, the net magnetization can be 
detected with the aid of special receiver (RF coil). After the amplification 
and further mathematical processing, which is usually based on a spatial 
Fourier transform, the recorded RF signals act as an information source for 
the construction of MR-images.  
 Pathologies in all parts of the body can be diagnosed, with 
neurological, cardiological, hepatic, nephrological and musculoskeletal 
applications all being widely used in the clinic. In addition to anatomical 
information, MR images can be made sensitive to blood flow 
(angiography) and blood perfusion, water diffusion, and localized 
functional brain activation [106, 107]. 
  
The main limitations of MRI are: 
 
(i) A clinical examination is very time-consuming compared to other 
imaging modalities such as ultrasound and computed tomography. This is 
due to the low intrinsic signal-to-noise ratio (SNR) of the magnetic 
resonance phenomenon. A typical clinical protocol might last 30-40 
minutes with several different types of scans being run, each having a 
slightly different contrast, with each scan taking between five and ten 
minutes. The longer the examination time, the more, likely it is that the 
patient will move, and the more financially expensive the scan. 
(ii) A significant percentage of patients are precluded from MRI scans 
due to metallic implants from previous surgeries. If lower field scanners 
could be used, then more patients could be examined. 
(iii) The image resolution on low field MRI machines is often insufficient 
due to the intrinsically lower SNR at lower field strengths. 
(iv) Systems are much more expensive than computer tomography or 
ultrasound units. 
 
 The intrinsic SNR can be defined as [108, 109]: 
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where   is the gyromagnetic ratio of hydrogen,   is the RF pulse duration, f 
is the frequency, the   
                is the left circularly polarized 
transverse component of the RF magnetic field produced by the transmit 
RF coil, that is responsible for acquiring a certain flip angle for a given 
pulse duration; the   
             
    expresses the sensitivity of the 
receive coil. The total absorbed power can be calculated as 
 
        
 
 
      (1.4) 
 
where   represents the sample conductivity. The signal increases 
quadratically with the static magnetic field strength (frequency), while the 
noise linearly (since electric field increases linearly with the frequency 
(Faraday's law)). Thus the total SNR increases linearly with the frequency 
[105].    
 Clinically, one of the most important criteria is the spatial resolution 
of the image, and in particular the thickness of the slice in multi-slice 
imaging protocols [105]. Typically the in-plane resolution may be five 
times greater than the through-slice resolution, and partial volume effects 
due to the thick slice can obscure fine details. The reason for such thick 
slices is the SNR; reducing slice thickness from a standard 3 mm to 1 mm 
reduces the SNR accordingly. Therefore, particularly for early disease 
diagnosis where pathological changes are subtle, there is immense worth in 
increasing the SNR. The other side to this consideration is that the number 
of images that can be acquired during a set scan time is limited by the 
power deposition within the patient, which is dictated by the safety issues. 
In all clinical MRI scans, irrespective of the body part being imaged, power 
is transmitted globally into the patient from a large body coil, even if only a 
small part of the body such as the heart is being imaged. The areas of 
highest specific absorption rate (SAR), which limit the allowed imaging 
speed, are often in regions which are not being imaged, for example, the 
arms and other extremities. SAR is defined as the dissipated power per 
kilogram of tissue (W/kg), within a particular volume V [109]:  
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where   denotes tissue density. If one can increase the local transmit 
efficiency, then the local SAR can be reduced, and the number of images 
acquired can be increased.  
 
 
Figure 1.6: (a) Schematic representation of the Swiss roll metamaterial 
used for RF signal guiding together with experimental setup. The RF loop 
coil has been employed as the receiver, and a human thumb was the object 
to be imaged. The water phantom plays the role of the reference plane 
[110]. (b) MR-images acquired either with the birdcage operating in the 
transmit-receive regime (left panel) or with the RF coil used as a receiver 
without (central panel) and with the metamaterial structure (right panel) 
[110]. (c) Curved wire metamaterial endoscope placed in the MRI machine 
with the RF coil inserted at the end of endoscope [111]. (d) MR-images of 
the phantom acquired with the RF coil placed on top of the phantom (left 
panel) and with the RF coil placed in the region of a low static magnetic 
field at the end of the endoscope (right panel) [111]. 
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 In almost all magnetic resonance experiments the equipment used to 
detect the very small signals (RF coil) consists of simple structures made of 
copper conductors [112]. Different approaches have been proposed to 
enhance MRI characteristics while keeping the static field constant. The 
main approach is the optimisation of arrays of RF coils used for signal 
reception. The use of multichannel coil arrays [113] results in a substantial 
improvement of the SNR and also enables a significant increase in the 
speed of MRI data acquisition (at the cost of SNR) using parallel imaging 
methods [114, 115]. However, one area that is only beginning to be 
explored is the use of new materials in MRI that can boost the sensitivity 
[116]. The field of materials research has produced many new types of 
material (for example metamaterials) in the past twenty years, and this 
gives an enormous opportunity to investigate how MR detection can be 
improved by using these materials. 
 Several studies have shown proof-of-principle implementations of 
metamaterials for MRI [110, 117, 111, 118, 119]. First, metamaterials were 
employed as special endoscopes which can be used in order to guide the 
signal emitted by an object to an RF detector. One of the endoscopes was 
implemented as an array of Swiss rolls [110]. The metamaterial consists of 
a hexagonal array of 19 Swiss rolls. Each Swiss roll has a central 
cylindrical mandrel of radius    upon which is wound a spiral of N turns of 
a conductor with an insulating cladding which guarantees the absence of 
direct electrical contact between the layers with total thickness d. An 
electromagnetic field induces a current in the conducting sheet of each 
Swiss roll which supports resonances within the MHz frequency range due 
to their inherently large self-inductance and self-capacitance. Overall, the 
metamaterial has a resonant permeability slightly above the 21.3 MHz (the 
Larmor frequency for the 0.5 T MRI).  
 The metamaterial was constructed, and the maximum permeability 
       at 21.23 MHz was experimentally determined. To demonstrate 
the capability of this metamaterial to control electromagnetic waves in 
MRI, the researchers presented MR-images obtained with a small detector 
coil that is placed far from the object under investigation (Figure 1.6(a)). 
The first MR-image was obtained using the birdcage coil, inserted in the 
bore of MRI machine, in transmit-receive mode, so the precise position of a 
human thumb was determined to allow for set up of subsequent scans 
accurately. Next, the birdcage coil was used only in the transmit regime,  
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 and the images with and without the Swiss rolls structure were acquired 
with the small coil alone (Figure 1.6(b)). Without the metamaterial, the RF  
signal from the thumb decayed exponentially in space, and no signal was 
detectable with the RF coil. The placement of the metamaterial results in 
the guiding of the RF signal to the receiver coil and a clear image of the 
thumb was seen [110].  
 An alternative endoscope geometry was formed by arrays of metallic 
wires (Figure 1.6(c)) [111]. The length of each wire corresponds 
approximately to half of the wavelength at the Larmor frequency of a 3T  
MRI machine. Such a metamaterial supports several eigenmodes which 
may guide the RF signal emitted by an object from inside the MRI machine 
to the external detector. The     curved wire medium, made of a 15x15 
array of copper rods with a 1 mm radius and spaced by 1 cm, was 
fabricated. Figure 1.6(d) shows two images of the phantom, first that was 
obtained with the phantom alone and the coil just above it, and the second 
one, acquired with the aid of a metamaterial endoscope. The use of such a 
metamaterial endoscope leads to the guiding of the RF magnetic field 
towards the region in which the static magnetic field is reduced, and where 
amplifiers containing magnetic materials with better noise factors could be 
 
 
Figure 1.7: (a) Photographs of the fabricated metamaterial lens 
implemented as an array of 18x18x2 cubic cells of capacitively loaded ring 
resonators with a periodicity of 15 mm [117]. (b) The photographs of 
experimental setups (top) with the corresponding acquired MR-images 
(bottom) [117]. 
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used. So this approach allows using simpler and cheaper detectors. Other 
metamaterial approaches were also developed: magnetoinductive 
waveguides were employed for guiding RF signal in MRI [119], while 
hybridized resonators have been used to increase the uniformity and the 
strength of the RF magnetic field at the 7T MRI [120].  
 Furthermore, it has been shown that a metamaterial lens based on 
split-ring resonator arrays with negative magnetic permeability can be used 
as matching devices between the patient and the receiving coils [117, 118]. 
The metamaterial lens was formed by a cubic lattice of capacitively loaded 
rings. The magnetic permeability of this metamaterial was optimized to 
achieve a      condition at the Larmor frequency of a 1.5T MRI (Figure 
1.7(a)). Theoretically, a perfect metamaterial lens with a certain thickness d 
placed in the region between the coil and the patient may focus the 
electromagnetic field, translating the RF field distribution from the plane of 
the RF coil to another plane at a distance    from the coil. The latest fact 
may potentially increase the RF coil sensitivity. Figure 1.7(b) shows 
images of human knees with and without the metamaterial lens. It can be 
seen that the left knee is closer to the RF coil and therefore the signal from 
this knee is effectively coupled to the coil resulting in the appropriate MR-
image, while the second knee is not visible since the signal decays 
exponentially. The placement of the metamaterial lens between the knees 
improves the sensitivity of the RF coil thus allowing to get images of both 
knees [117].  
 It is important to note that one of the main issues of metamaterial 
technologies is the functional bandwidth because the unique metamaterial 
properties can usually be observed only within a particular frequency 
region. Due to the very narrow working frequency band of MRI, this 
disadvantage of metamaterials technologies is irrelevant for MRI. 
 
 
1.4. Microwave platform as an exceptional tool for the study of new 
physical phenomena and development of novel devices 
As was mentioned above, electromagnetic metamaterials can be employed 
for different purposes, for example, to study new physical phenomena and 
to develop novel applications. In any case, it is necessary to perform 
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experimental verification. In electromagnetics, we can subdivide 
experiments either into optical (including THz) or microwave.  
 The experimental study of novel physical effects with optical 
metamaterials and the development of the nanophotonic devices (including 
metamaterial-based devices) requires enormous effort. Despite the fact that, 
modern advanced fabrication techniques [121, 122] and novel materials 
[123] permit building any nanostructures, including two- and three-
dimensional metamaterials [10, 124] and photonic crystals [125], the 
detailed characterization of such samples is still challenging [126]. Near-
field scanning optical microscopy (NSOM) is one of the key tools for 
investigation of optical metamaterials, which allows mapping of the 
electromagnetic fields at the nanoscale [127]. However, an ideal mapping 
of nanoscale fields is still difficult. The perturbation of either the 
nanostructure under investigation or its near field by the relatively large 
metallic probe may degrade the resulting image [126]. Furthermore, the 
direct interpretation of the signal collected by the probe may be impossible, 
especially in the case of strong near-field interaction between the 
metamaterial and the tip [128, 129]. Moreover, undesired effects mediated 
by the substrate may lead to unclear experimental results. Finally, the 
information about the phase of the electromagnetic signal, which can be 
crucially important for certain applications, in most cases remains 
unavailable, with few exceptions [130].  
 While the NSOM remains an exceptional cutting-edge technique for 
the study and characterization of structures at the nanoscale [126], other 
approaches, inspired by the scalability of Maxwell's equations, can be 
involved for the proof-of-principle study and characterization of different 
metamaterial structures and devices. Indeed, the operational characteristics 
of the major electromagnetic devices are the same in different frequency 
ranges, though its geometry determines the operational wavelength. In a 
general case, one may expect approximately the same electromagnetic 
properties of micro and macro structures if materials with the same 
properties are used. However, the macro objects are better candidates for 
study and optimization due to the ease of fabrication and measurement 
techniques, which opens access to all electromagnetic characteristics of the 
structure response. 
 The microwave frequency range can be extremely useful for 
investigation of novel physical effects with metamaterials. The larger 
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wavelengths allow using mm and cm size samples, with an almost arbitrary 
geometrical shape of meta-atoms, and well-developed near-field scanning 
techniques. In this frequency range, the size of the probe can be much 
smaller than the operational frequency, which guarantees minimal 
perturbation of the near-field, while the usage of different kinds of probes 
(magnetic or electric) allows mapping of the both amplitude and phase of 
the different components of magnetic and electric fields correspondingly. 
Another distinct advantage of the microwave platform is many different 
materials with unique properties which are usually either not available or 
limited in other frequency ranges, including materials with strong magneto-
optical response and ceramics with extremely high permittivity and low 
losses.  
 Taking all the advantages mentioned above into account, the 
microwave platform suggests not only to perform proof-of-principle studies 
of novel physical phenomena but also uncovers unique opportunities to 
develop novel devices for the microwave frequency range based on 
metamaterial concepts. Moreover, in many cases, the microwave platform 
provides opportunities to mimic the micro- and nanoscale experiments in a 
fully controllable way [131]. 
 
 
1.5. Thesis motivation, outline and structure 
One of the very recent and promising discoveries in material science is 
related to the field of artificially designed materials – metamaterials. These 
artificial materials offer a unique platform for tailoring electromagnetic 
waves and were employed in this thesis for different purposes.  
 The main idea of my thesis is based on the following philosophy 
(Figure 1.8): we have these prospective advanced materials: including 
specific meta-arrays, metasurfaces, and metamaterials. We may either 
employ them to study new physical phenomena or to use them for some 
exciting applications. Whenever we want to proceed further, we have to 
perform experiments to be sure that the concept works. Physics is an 
experimental science, and more importantly, experiments may lead to new 
ideas, new technologies since there is direct contact with natural boundary 
conditions, not ideal like in numerical simulations. This thesis is based on  
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the experimental study of such advanced materials. As was mentioned in 
Section 1.4 in electromagnetics it is possible to sub-divide experiments 
either into optical or microwave. In the framework of this thesis, I worked 
in the microwave field.  
 Regarding new physics, I used the metamaterials paradigm to 
develop and study further the new physics of electromagnetic topological 
insulators, where I integrated different meta-atoms to build compact and 
low-loss topologically nontrivial structures in the form of specific arrays of 
particles (Chapter 2) or bianisotropic metasurface and metamaterials 
(Chapter 3). Concerning applications, I developed conceptually new  
methods, based on ultrathin two-dimensional metamaterials and 
metasurface, to enhance the sensitivity of magnetic resonance imaging 
machines (Chapter 4). It is important to note that the study of 
electromagnetic topological insulators may lead to new exciting 
 
 
Figure 1.8: Thesis structure. 
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applications, as I have shown in Chapter 3 the developed metasurfaces and 
metamaterials may be employed for the realization of robust waveguides.  
 Chapter 2 of this thesis will present detailed studies of topological 
features of zigzag arrays of dielectric particles, including the first 
experimental observation of subwavelength photonic topological edge 
states, topological phase transition in the chains of dielectric particles, as 
well as, an examination of the specific features of the photonic spin Hall 
effect mediated by the excitation of the subwavelength topological edge 
states. 
 Chapter 3 will be focused on the study of bianisotropic metasurfaces 
and metamaterials. First, I present the first experimental design of 
bianisotropic metallic metasurfaces where the topologically nontrivial 
edges states can be observed. Next, I will employ knowledge about the 
dielectric meta-atoms studied in Chapter 2 and develop compact and low-
loss all-dielectric bianisotropic metasurface and demonstrate its nontrivial 
topological properties, including the near-field imaging of spin-locked edge 
states. Finally, I reveal how to couple two-dimensional topologically 
protected layers in order to form a three-dimensional all-dielectric 
topologically nontrivial bianisotropic metamaterial.  
 Chapter 4 will focus on metasurfaces based on a resonant array of 
metallic wires used for the improvement of Magnetic resonance imaging 
(MRI) characteristics. A new conceptual idea for substantial enhancement 
of signal-to-noise ratio of a 1.5T MRI will be presented. This approach will 
be further developed and extended for ultra-high field MRI (7T) where 
direct evaluation of the metasurface properties will be examined during in-
vivo human brain imaging. 
 Chapter 5 will conclude this thesis and provide a general outlook on 
future work. 
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Chapter 2  
 
______________________________________________________________________________ 
Photonic topological edge states in zigzag arrays 
______________________________________________________________________________  
 
2.1. Introduction: the Su-Schrieffer-Heeger (SSH) model 
The simplest and well-known topological model is the so-called Su-
Schrieffer-Heeger (SSH) model. The SSH model was first developed for 
the conducting polymer polyacetylene, a linear chain with topologically 
protected electronic states at the boundaries [132]. SSH introduced one-
dimensional tight binding model to simulate polyacetylene [132, 133]  
 
            
    
 
            
            (2.1) 
 
where, there is a unit cell with two atoms, labeled A and B,   is the hopping 
parameter,          are the annihilation operators and      stands for 
Hermitian Conjugate. The polyacetylene dimerize and form the short and 
long bonds, see Figure 2.1(a,b), which introduces an energy gap and    
describes dimerization. The two dimerization patterns are differ by a sign 
of   . The Fourier transform of Eq. (2.1) results in [133] 
 
                
          (2.2) 
 
where             and 
 
                         
                     (2.3) 
       . 
 
Considering the two band      in terms of  , it is necessary to highlight 
that     . It follows that       possesses chiral symmetry determined by 
the operator     , which anticommutes with the Hamiltonian: 
            The one-dimensional polarization is the Berry phase [134] 
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of the occupied Bloch wavefunctions around the one-dimensional Brillouin 
zone [133]: 
 
  
 
  
       
  
     (2.4) 
 
the Berry connection in general form can be defined as 
                  , where      is a cell periodic eigenstate. So for 
    ,         for all k so       not wraps the loop around the origin of 
the   ,    plane, therefore    , Berry phase is 0, while for alternative 
case     ,             this leads       changes by   , thus 
      and Berry phase is   (see Figure 2.1). So the number of times 
when       wraps around the origin allows to distinguish a topologically 
trivial (    ) chain from a nontrivial one (    ). In the trivial chain 
every energy eigenstate is an even or an odd superposition of two sites in 
the same unit cell, and there are no edge states. While in the topological 
case, the dimers are between neighboring unit cells, and there is one 
isolated site per edge, which must contain one zero-energy eigenstate each 
[133, 135].  
 
 
Figure 2.1: (a,b) Geometry of the SSH model formed by dimerized chains 
with short (a) and long (b) bonds. (c,d) Corresponding unit vector       
representing the bulk momentum-space Hamiltonian. Images are adapted 
from [133] 
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 After the introduction of SSH model for polyacetylene in recent 
years it was applied to various systems, including dimer lattices of cold 
atoms [140, 141], mechanical [142] and electromagnetic [143, 138] chains.  
 Since in the framework of this thesis I worked with photonic structures and 
below I would like to describe several related works.  
 
 
Figure 2.2: (a). Geometry of the chain of plasmonic spheres together with 
the representation of the topological characteristics for trivial and nontrivial 
chains [136]. (b) The domain wall formed by the two topologically distinct 
chains and the plasmon frequency dependence as a function of eigenstates 
[136]. (c-e) Experimentally realized electromagnetic structures: arrays of 
plasmonic (c) and dielectric waveguides (d) and chain of the microwave 
resonators (d), which mimics the SSH model [137, 97, 138]. (f)  Schematic 
illustration of the dipole eigenmodes of the zigzag chain together with 
numerically calculated electric field intensity at the frequency of plasmonic 
resonance of the single particle for different incident wave polarizations, 
indicated in the panels by white arrows [139].  
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 One example of an electromagnetic SSH system was realized with 
the diatomic chain of identical plasmonic nanoparticles (Figure 2.2(a)) 
[136]. In order to classify the band topology in this system the Zak phase 
[144] has been used, as an analogy of the Berry phase. The Zak phase is 
defined as [136] 
 
       
 
   
  
   
 
   
  
   
 
 
 
 
 
  
  
 
      
 
  
 
  (2.5) 
 
where    and    are the electric dipole moments associated with the 
particles A and B, and      is schematically shown in Figure 2.2(a). For 
an appropriate ratio between the length of the unit cell (d) and separation 
between the plasmonic spheres within the unit cell (t), e.g.      ,     
and such a system is topologically trivial. For alternative ratio, e.g. 
      the     and the chain is topologically nontrivial, see Figure 
2.2(a). Importantly, the selection of the unit cell can be random for an 
infinite chain of particles, while for a truncated chain, the boundary 
conditions limits the choice. If two structures with different Zak phases 
have a joint boundary, a localized edge state would appear. To verify this in 
[136], the domain wall was created by stacking two semi-infinite chains 
together with the same lattice constant d and different separations    and    
between two particles in the unit cell (Figure 2.2 (b), top panel). The 
calculation of the plasmon frequencies of the eigenstates in such a structure 
revealed the existence of the band gap and the presence of a localized edge 
state within the gap (see Figure 2.2 (b)). 
 There were quite a number of experimental works devoted to the 
observation of edge states in electromagnetic systems [145, 146], including 
arrays of plasmonic [137] and dielectric [146, 97] waveguides (see Figure 
2.2(c,d)) and chains of microwave resonators [138] (see Figure 2.2(e)). 
Recently, A. Poddubny and colleagues [139], theoretically suggested an 
alternative proposal to implement the SSH model in the form of zigzag 
chain of plasmonic nanoparticles (Figure 2.2(f)). In particular, we revealed 
that the hybridization of the polarization degenerate modes of a zigzag 
chain of plasmonic nanoparticles engenders the chiral-symmetric energy 
spectrum. Such a zigzag chain supports two localized edge states that can 
be independently excited by an x- or y-polarized plane wave (Figure 2.2(f)). 
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These states are protected by the chiral symmetry of the nearest-neighbor 
coupling Hamiltonian. So in the framework of my Ph.D., I have performed 
comprehensive experimental and numerical studies of the topological 
features of the zigzag arrays of dielectric particles. Importantly, in sharp 
contrast to plasmonic waveguide arrays [137], the optically induced 
response of dielectric particles includes both electric and magnetic 
resonances which do not suffer from strong losses in metals at visible 
frequencies. From the other side, alternatively to the bulk dielectric 
waveguide structures [97], the dimensions of particles considered in the 
following sections of this Chapter are much smaller than the wavelength of 
interest. These structures can be employed for the realization of a large 
variety of novel low-loss subwavelength nanophotonic devices with 
superior characteristics and topological properties.  
  
 
2.2. Subwavelength topological edge states in dielectric structures 
In this study I employ the dielectric spheres with large permittivity (  
  ) as a building blocks (meta-atoms) of zigzag arrays (see Figure 2.3(a,b). 
The topological properties of a general model originating from two major 
assumptions: (i) polarization-dependent interaction between resonant 
modes of its structural elements, and (ii) a zigzag shape of the array (Figure 
2.3(a)). The structure Hamiltonian reads: 
 
        
    
   
     
  
   
      
     
           
   (2.6) 
 
where    is the resonance energy, the indices j and  
  label the particles, 
and        are the nearest neighbors. The states excited at the normal light 
incidence upon the zigzag plane are considered. The mode polarization   
can be x or y for dipole resonances and         for the quadrupole 
resonances (Figure 2.3(a)). Hence,    
            
        
   (with 
    or xz),    
            
        
   (with     or yz) and 
   
                       for    
 , where   is the azimuth angle of  
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the vector         . Here,    and    are the coupling constants of the 
modes co- and cross-polarized with respect to the link  ; for quadrupole- 
 
 
Figure 2.3: Artist’s view of (a) topologically nontrivial zigzag array and 
(b) topologically trivial linear chain of nanoparticles. (c),(d) Numerically 
calculated electric field distributions in both structures under the excitation 
by the plane wave with the incident wave polarization   direction of 
magnetic field    shown in the graphs. (e),(f) Energy spectrum and parity 
of the winding number         of the zigzag chain calculated as 
functions of the bond angle  . Red dashed line indicates the region when 
the edge states are formed. Calculated at     ,      ,      for 
     particles. 
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quadrupole interaction           and for dipole-dipole interaction 
         . The calculated spectrum of the Hamiltonian (2.6) for the 
finite chain with      particles is shown in Figure 2.3(e) as function of 
the angle   between two consecutive links in the zigzag. The value of   
equal to   corresponds to straight line when the two polarizations   are 
decoupled, the system is not gapped and no edge states are present (Figure 
2.3(b,d)). The case     corresponds to degenerate zigzag with very acute 
angles. For                      a spectral gap appears with a pair of 
eigenstates, one localized at the left edge and one at the right edge (Figure 
2.3(a,c)). Their topological origin follows from the bulk     
Hamiltonian: 
 
      
  
   
 ,             (2.7) 
 
where K is the Bloch wave vector,         
    ,    
 
 
   
          ,    
 
 
         ,     ,             ,        . 
Equation (2.7) is written in the basis of the excitations on first and second 
particles in the unit cell; the Pauli matrices   act in the polarization space. 
The Hamiltonians Eq.(2.6) and Eq. (2.7) are chiral and belong to the chiral 
orthogonal class [147]. According to Refs. [148] and [149], this symmetry 
guarantees at least a pair of zero-energy eigenstates when the winding 
number W of     , calculated when K varies from   to   , is not equal to 
zero. The parity P of the winding number is shown in Figure 2.3(f). It is 
equal to one for                      and plays a role of    
topological index in this system [150]. In the nearest-neighbor 
approximation, the edge states are robust against all perturbations 
respecting the chiral symmetry, including fluctuations of both  
coupling constants and link angles. In order to illustrate the robustness of 
the eigenstates of the Hamiltonian Eq.(2.6) against disorder, the dispersion 
of the constants   ,    and the bond angle   along the chain has been 
introduced. In particular, for each value of   Eq.(2.6) was numerically 
diagonalized for a given realization of disorder. The couplings are assumed 
to be independent and satisfy the Gaussian distribution with the dispersion
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  , the bond angle is homogeneously distributed within the interval 
         . The results of the calculation are shown in Figure 2.4. 
Clearly, a pair of the zero-energy edge states for   around     survives the 
disorder.  Topological edge states in the zigzag system strongly rely on 
polarization degeneracy of eigenmodes of individual particles, and thus, 
the problem is more general and much richer than the celebrated scalar 
SSH model for polyacetylene [132]. In the zigzag system, contrary to the 
SSH model, all the particles are the same and a pair of zero-energy states is 
present for both odd and even numbers of particles N. Localization degree 
increases with the number of particles (see details below). For odd N and 
      the edge states are copolarized, and for even N, they are cross 
polarized. This opens a possibility to selectively excite the left or right edge 
of the same structure by varying the incident wave polarization. 
 From the exact Mie solution of light scattering by a spherical 
particle, the lowest frequency resonance in the spectra is the magnetic 
dipole resonance (at the frequency       for     , where c is the  
 
 
Figure 2.4: Energy spectrum of a disordered zigzag chain calculated as 
function of the bond angle  . Red dashed line indicates the region when the 
edge states are formed. Calculation parameters are as follows:     , 
     ,       ,        ,      and     particles.  
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 speed of light), the second one is the electric dipole resonance (  
      ), and the third one is the magnetic quadrupole resonance (ω ≈ 
1.5c=R), see Ref. [44]. According to the multipole decomposition of a 
single dielectric sphere (see Figure 2.5(a)), an obvious advantage of the 
magnetic quadrupole resonance is the high quality factor (    ) due to 
reduced radiative losses. The experimentally measured forward scattering 
amplitude of a single sphere is shown in Figure 2.5(b). In agreement with 
the theoretical results in Figure 2.5(a) based on the optical theorem, the 
experimental scattering spectrum demonstrates three maxima at the 
positions of magnetic dipole, electric dipole, and magnetic quadrupole 
resonances, marked on the graph. 
 Figure 2.3 shows two types of dielectric arrays made from such 
spheres: a zigzag array with the bond angle      , in Figure 2.3(a), and 
a linear array, in Figure 2.3(b). For both the arrays, the spheres are touching  
each other. Panels Figure 2.3Figure 2.3(c) and 2.3(d) show the numerically 
calculated electric field amplitude induced by a plane wave in both zigzag 
and linear structures at the frequency of the quadrupole resonance of the 
single sphere. In both cases, the incoming plane wave is polarized 
perpendicular to the array as indicated by an arrow for the magnetic field 
  . The colors correspond to the absolute value of the electric field at the 
surface of the particle. The calculated field has strong maxima at the first 
and last particles in the zigzag array (see Figure 2.3(c)); however, the field 
 
 
Figure 2.5: (a) Scattering efficiency calculated by Mie theory, and (b) 
measured forward scattering of a dielectric sphere.  
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distribution in the linear array is rather uniform and no edge states can be 
observed (see Figure 2.3(d)). 
 The topological edge states in a zigzag chain can be observed for the 
modes of different types including x- and y-polarized electric and magnetic 
dipole modes as well as xz- and yz-polarized magnetic quadrupole modes. 
Figure 2.6 shows the spectral dependence of the electric field at the edges 
in a wide frequency range. At each frequency the electric field above the 
first (#1) and last (#7) particles was normalize by the averaged field above 
the central particles (     ). The full-wave numerical simulations are 
performed using the CST Microwave Studio. The zigzag structure was 
excited by the plane wave, and the field amplitudes near each sphere have 
been detected with the field probes. Strong resonant excitation of the edge 
spheres can be observed for magnetic dipole (md), electric dipole (ed) and 
magnetic quadrupole (mq) modes. An additional spectral featuredue to the 
hybridization of the resonances is seen at 5.2 GHz. However, the strength 
of localization at the edges is fully dictated by the quality factor of the 
resonance. The strongest effect is achieved at the magnetic quadrupole 
resonance. Therefore, everywhere below we concentrate only on the 
magnetic quadrupole resonance. The insets in Figure 2.6 show the electric 
field maps above the zigzag array at different resonance frequencies and 
fixed polarization of the incident plane wave    . At both magnetic 
dipole and magnetic quadrupole resonances the field is localized at the first 
particle. On the other hand, for the electric dipole resonance the field is 
localized at the last particle. This is because the electric resonance probes 
the direction of the incident electric field (polarized along y) rather than 
magnetic one (polarized along x).  
 I have performed the proof-of-concept experiments in the microwave 
frequency range. To mimic the electromagnetic properties of silicon 
nanoparticles, the MgO-TiO2 ceramic spheres that are characterized by a 
dielectric constant of 15 and small dielectric loss factor in the 4–10 GHz 
frequency range [151] are employed. The sphere radius is equal to       
mm and the spheres are touching each other. An experimental setup is 
shown in Figure 2.7. In order to approximate the plane wave excitation, a 
rectangular horn antenna is utilized. It is connected to the transmitting port 
of a vector network analyzer (Agilent E8362C). An automatic mechanical 
near-field scanning device and an electric field probe connected to the 
receiving port of the analyzer are used. The probe is oriented normally with  
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 respect to the interface of the structure, and the    component of the 
electric field is measured. The near field was scanned at the 1 mm distance 
from the back interface of the zigzag array to avoid the contact between the 
probe and the sample. The polarization dependence of the structure 
response is examined by rotating the source antenna. My main 
experimental results are summarized in Figure 2.8. For chosen parameters, 
the magnetic quadrupole resonance frequency is equal to       GHz (see 
Figure 2.5(b)). Next, I proceed to the analysis of the near-field maps 
measured in the close vicinity of the dielectric zigzag array at the magnetic 
quadrupole resonance. Figure 2.8(a-d) show the electric field maps for 
different angles   between the polarization direction of the incident 
magnetic field    and the x axis. The maps present a direct confirmation 
ofthe edge excitation in the structure at the magnetic quadrupole resonance. 
The relative intensity of the field above the edges can be switched by 
rotating the incident wave polarization. For Figure 2.8(a)      or Figure 
2.8(b)       polarizations, only the first or last sphere is excited, 
respectively, while for       (Figure 2.8(d)) polarization, the induced 
electric fields are localized near both edges of the zigzag array. These 
results directly demonstrate the difference between the zigzag polarization  
 
 
Figure 2.6: Near-field intensity of the electric field intensity near the first 
and last spheres for incident wave polarization     . The insets 
correspond to the intensity of the electric field at the magnetic dipole, 
electric dipole and magnetic quadrupole resonance frequencies of the single 
particle, respectively. At each resonance the intensity map is normalized at 
the local maximum.  
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 sensitive system and the scalar SSH model. Based on the simplified 
analysis [139], the edge mode excitation scenario is different for an even 
number of particles, where both edges are excited identically with 
polarization-dependent intensities. Similar behavior is observed 
experimentally for six dielectric particles at the magnetic quadrupole 
resonance (see Figure 2.8(e,f)). The experimental results of Figure 2.8 are 
in full qualitative agreement with the predictions of the symmetry analysis 
of the Hamiltonian Eq. (2.6).   
 Further evidence of the presence of the topological edge states in the 
zigzag structure can be provided by an analytical model including the 
retarded coupling between the quadrupole modes and their Mie scattering 
on the spheres. The electric field outside the spheres is expanded over 
magnetic quadrupole modes 
 
             
        
     
  
               (2.8) 
 
where   is the sphere center position,    
   
 is the transverse electric (TE) 
polarized spherical harmonics with the total and orbital momenta equal to  
 
 
Figure 2.7: An experimental setup together with the fabricated sample. A 
rectangular horn antenna is utilized in order to approximate the plane wave 
excitation. An automatic mechanical near-field scanning device and an 
electric field probe are used to collect the signal and perform near field 
measurements. The scale bar represents 15 mm.  
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Figure 2.8: Experimental results. (a)–(d) Measured electric field intensity 
at the frequency of the magnetic quadrupole resonance of a single sphere 
for different incident wave polarizations                and    , 
respectively, indicated in the panels by arrows. (e),(f) Electric field 
intensity measured at the 1 mm distance from the surface of particles for (e) 
     and (f)       polarizations. (a)–(d) Results for odd number of 
particles. (e)–(f) Results for even number of particles. White scale bar 
represents the incident wavelength. 
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 2, and the azimuthal momentum M [152],   
   
 is the Hankel function of 
the first kind. The xz and the yz quadrupole modes can be expressed as the 
linear combinations                     , 
                    . The values of the expansion coefficients     
are obtained from the equation system 
 
      
          
   
    
      
      
     
         
   (2.9) 
 
where   
        is the Mie reflection coefficient of the TE spherical wave  
from a sphere [153],  
      
      
 are the structure constants of the vector 
Korringa-Kohn-Rostocker method [154, 155] and   
         
  
   
       , where    is the electric field amplitude of the plane wave 
incident along the z direction. 
 Figure 2.9(a-f) show a comparison between the analytical results for 
the quadrupole-quadrupole model with the results of my full-wave 
numerical simulations. In Figure 2.9(a) numerically calculated extinction 
cross section is plotted for the single sphere (red curve), for the zigzag 
chain when       (blue dashed curve), and      (black solid curve). 
The frequency of the magnetic quadrupole resonance of a single sphere is 
marked by the black dashed line. The spatial distributions of the electric 
field near the first and last dielectric particle are shown in Figure 2.9(c-f). 
At each frequency, the electric field above the first (#1) and last (#7) 
particle centers is normalized by the averaged field above the central 
particles (#2–#6). Both analytical and numerical calculations demonstrate 
strong resonant excitation of the edge spheres. The insets in Figure 2.9(c-f) 
show the electric field maps above the zigzag chain for different 
polarizations of the incident plane wave at the magnetic quadrupole 
resonance frequency. The polarization dependence of the effect and the 
field distributions perfectly agree with the experiment of Figure 2.8. The 
electric field dependence on the particle number in numerical simulations, 
analytical model, and experiment is also compared (see Figure 2.9(b)). The 
agreement between the theoretical and experimental results is quite good. A 
small difference can be explained by the tolerance of dielectric particle  
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Figure 2.9: (a) Extinction cross section spectrum for a single particle (red 
solid curve), and for the zigzag array at       (blue dashed curve) and 
     (black solid curve). (b) Dependence of the electric field near the 
particle center on the particle’s number for      . (c)–(f) Near-field 
intensity at 1 mm above the first and last spheres for incident wave 
polarization               and      , respectively. Solid lines 
correspond to the analytical results and dashed lines to the results of 
numerical simulations. The insets correspond to the electric field intensity 
at the quadrupole magnetic resonance of the single particle (marked by a 
dashed black curve). 
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 manufacturing and small deviations of permittivities of different spheres. It 
should be mentioned that the experimental curve (blue line) in Figure 
2.9(b) corresponds to     
 , while the analytical (green line) and numerical 
(red line) curves correspond to     . In numerical simulations, the edge 
excitation is also observed when the incident wave is polarized with 
       (see Figure 2.9(e)], while in the experiment this effect is not 
pronounced (see Figure 2.8(c)). This is due to the fact that, when   
    , the amplitude of the induced fields is much weaker (see the inset in 
Figure 2.9(e)) than in the case of excitation with              (see the 
insets in Figure 2.9(c,d,f)). 
 It is also instructive to check the dependence of the edge states 
localization as a function of the number of particles. In the nearest-
neighbor approximation the eigenmodes of Eq. (2.6) are exponentially 
localized at the structure edges with the localization length being inversely 
proportional to the gap width. In the realistic case, the interaction between 
distant neighbors, the radiative losses and the admixture of other 
resonances play an important role and partially suppress the localization. 
Still, the relative amplitude of the field at the edges increases with the 
number of particles. Dependence of the electric field intensity profiles 
above the particles for the arrays with     and 9 is shown in Figure 2.10. 
The figure demonstrates that the field is localized at the edges for both 
arrays, and the field in the array center is suppressed for longer chains. For 
even larger N the edge-to-center ratio saturates. However, for the system 
 
 
Figure 2.10: Dependence of the electric field intensity near the particle 
center on the number of particles in the zigzag chain for (a)       and 
    , and (b)        and      .  
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with higher quality factor, for example, for higher permittivity of the 
spheres, the localization strength increases. The results for         and 
the permittivity      are shown in Figure 2.10(b). It can be seen that 
field intensity on central particles is much weaker than in the case of lower 
permittivity      system (Figure 2.10(a)) and gradually decreases for 
larger length of the array.  
 In the experimental prototype the imaginary part of the permittivity 
was extremely small. Hence, in the theoretical calculation only the case of 
lossless spheres with      was considered. It is useful to analyze the role 
of material losses on the manifestation of the topological edge states. To 
this end, I have considered the same system with       and gradually 
increased the imaginary part of the permittivity    . Figure 2.11(a) shows 
the spectral dependence of the electric field intensity at the edge particle 
(#1) of the zigzag for different values of losses. The polarization of the 
incident plane wave is fixed to     . It can be seen that the degree of the 
electric field localization at the edge particle is reduced with the increase of 
losses. However, the edge states can be still resolved even for relatively 
high losses (black curve in the Figure 2.11(a),        ). The dependence 
 
 
Figure 2.11: (a) Spectral dependences of the electric field above the first 
particle center for the different values of the imaginary part of the 
permittivity (shown in graph). (b) Dependence of the electric field intensity 
above the first (red curve) and last (blue curve) particles centers on the 
material losses. The electric field intensity was normalized to the averaged 
field above the central particles (#2–#6).  
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of the electric field above the edge particles (#1 and #7) on the imaginary 
part of the permittivity at the quadrupole resonance frequency is shown in 
Figure 2.11(b). The electric field is normalized to the average field 
distributions above the central particles (#2–#6). The increase of losses 
results in the gradual decrease of the edge to centre ratio. For larger values 
of the     the field intensities above the edge and central particles become 
similar and edge state effects are quenched. 
 According to the theoretical calculations, the zigzag system is 
topologically nontrivial, and it has a pair of eigenstates when the bond 
angle satisfies the equation             . In the next Section I 
theoretically and experimentally demonstrate the topological phase 
transition in the zigzag structure.  
 
 
2.3. Topological phase transitions in chains of dielectric particles 
As was shown theoretically in Section 2.2 the zigzag structure of dielectric 
spheres exhibits a topological transition when thechain changes from a line 
to a zigzag—the straight-chain spectrum is topologically trivial, with a 
vanishing parity of the winding number P, while for the zigzag chain this 
   topological invariant is nonzero. The bond angle should satisfy the  
 
 
Figure 2.12: Dependence of the electric field intensity near the first 
particle center on the angle   for incident wave polarization      . The 
insets correspond to the amplitude of the electric field at the quadrupole 
magnetic resonance of a single particle.  
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 following equation              for the topologically nontrivial 
structure. In the case of quadrupole-quadrupole coupling, one has    
    ,         and the corresponding range is           . In 
order to prove this analytical prediction, I perform the full-wave numerical 
simulations (in the same conditions as in the previous Section) for different 
values of the angle  . Due to the finite physical dimensions of the spheres  
 the smallest value of   is      . Figure 2.12 shows the intensity of the 
electric field above the edge particles (#1 and #7) normalized by the 
average field distributions above the central particles (#2–#6) at the 
quadrupole resonance frequency. The polarization of the incident plane 
wave is fixed to      . In the full agreement with analytical results of 
Figure 2.3(e) in the previous Section 2.2, the maximum localization is 
achieved for      . The insets show the color maps of the electric field 
amplitude at the surface of the spheres. By detuning the angle from 
     , the field at the edges is suppressed, and it becomes comparable 
with the field at the central particles already for       . In the case of 
       (a straight line), the field gradually increases from the center to 
 
 
Figure 2.13: Scattering spectra and their multipole decompositions for an 
isolated Si disk with a height 310 nm and a diameter 540 nm irradiated by a 
plane wave. Both dashed lines correspond to two selected wavelengths 
where the maximal contribution comes from magnetic dipole and electric 
dipole, respectively. The images on the right show calculated profiles of the 
electric and magnetic fields amplitudes inside the nanodisk at the two 
resonant wavelengths.  
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the edge, although this behavior is quite weak and nonresonant. For the 
smallest acute angle      , when the next-nearest-neighboring spheres 
are touching each other, the edge features are suppressed as well. So the 
purpose of this Section is to study both theoretically and experimentally 
different types of zigzag chains of closely spaced silicon nanodisks with 
varying zigzag angle, excited by an external plane wave near the frequency 
of the electric and magnetic dipole Mie resonances of an isolated disk. In  
such a way we would like to confirm the numerical (Figure 2.12) and theo- 
retical (Figure 2.3(e)) predictions of topological transition in the zigzag 
chains.  
 An individual silicon nanodisks have been design in such a way that 
they support both electric and magnetic dipole Mie resonances. Figure 2.13 
shows the multipolar ecomposition of the electromagnetic field excited in a 
nanodisk with a height of 310 nm and a diameter of 540 nm. The 
calculations are performed by using full-wave simulations with CST 
Microwave Studio and a custom code for postprocessing. For such 
parameters, two well pronounced maxima (shown by two dashed lines), 
which correspond to the wavelengths with the maximal scattering 
 
 
Figure 2.14: Topological phase transition in the polymeric chains of Si 
nanoparticles. (a) Energy spectrum found from the analytical model 
calculated as a function of the bond angle  . (b) Analytical (solid curve), 
experimental (blue circles), and numerical (black circles) results for the 
topological phase transition curve. For each angle between the neighboring 
nanoparticles, the signal intensity (transmission for the experimental image 
and magnetic field intensity for the numerical simulation) above the last 
nanoparticle is normalized by the signal intensity above the first 
nanoparticle. 
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efficiency defined by the Mie modes, were selected. More specifically, the 
magnetic dipole resonance is at the wavelength of       nm, and the 
electric dipole resonance is at the wavelength of       nm. In analogy 
with theoretical analysis of the previous Section 2.2, here the topological 
phase transitions and edge states emergence in the zigzag nanoparticle 
chains can be analyzed with the help of the coupled-mode approach. 
Thecorresponding Hamiltonian (2.6) is given in the Section 2.2. Here, x 
and y electric and magnetic dipole modes, polarized in the zigzag  
 plane (xy) are considered. Hybridization between the electric and magnetic 
modes is not included for simplicity. In the case of the short-range dipole–
dipole interaction the ratio between coupling constants is         . For 
dipole resonances the structure under consideration is topologically 
nontrivial provided that the zigzag angle   lies within the interval     
      . The topological phase transition can be illustrated by plotting 
the energy spectrum of the finite chain as a function of the zigzag angle (in 
analogy to the spectrum shown in Section 2.2 for quadrupole-quadrupole 
interaction). The results of such calculation for a chain of nanoparticles are 
shown in Figure 2.14(a). When the angle lies within the range (3), the 
system becomes gapped with two degenerate topological edge states in the 
middle of the gap. The energy of the edge states is equal to the resonance 
energy of noninteracting nanoparticles    . As has been shown in Section 
2.2, the emergence of the edge states can be directly related to the nonzero 
   topological invariant.  
 Next, I calculate the field distributions induced under the excitation 
of the finite zig-zag chains at the edge states resonance frequency   . For 
both electric and magnetic dipole resonances, the corresponding fields are 
determined by solving the linear system of 2N equations  
 
                  (2.10) 
 
where   is the diagonal matrix characterizing the radiative and nonradiative 
damping of the resonances,                   ,   is the vector of electric 
(magnetic) dipole momenta, and    is the vector describing the applied 
electric (magnetic) field. The degree of the localization of the field at the 
edge of the nanoparticle chains can be quantified by a ratio of the dipole 
momenta induced at the first and last nanoparticles, 
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    . Figure 2.14(b) shows the results of such 
calculations as a function of the zigzag angle for the magnetic dipole 
resonance at the wavelength λ = 710 nm. The only free parameter in the 
analytical calculation is the ratio between the resonance damping and the 
coupling constant taken as            . The calculated curve has a 
maximum at  the right zigzag angle      , lying in the middle of the  
topologically nontrivial range. The analytical model agrees well with the 
experimental data and the full-wave simulation results, as discussed below. 
Hence, it is possible to conclude that the main physics of the model is 
successfully captured by the analytical nearest-neighbor coupled dipole 
model, and that the experimental observation of the maximum in Figure 
2.14(b) serves as an unambiguous manifestation of the topological phase 
transition. It is important to mention that topological transition in real finite 
structure is not so pronounced due to the interaction between distant 
neighbors, the radiative losses and the admixture of other resonances, 
which partially suppress the localization. However, the edge states are 
 
 
Figure 2.15: Near-field studies of the nanoparticle chains. (a) Scanning 
electron microscope images on nanoparticle chains with a zigzag geometry. 
(b,c) Top: experimentally measured transmission near-field maps. Bottom: 
numerically calculated magnetic field profiles at the magnetic (b) and 
electric (c) resonance of the chains. 
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observed only for certain zigzag angles belonging to the interval     
      , while the relative amplitude of the field at the edges increases 
for the zigzag angle       
 For experiments, both individual silicon nanoparticles and chains of 
the nanoparticles have been fabricated on a glass substrate using electron-
beam lithography. An example of the fabricated chains of Si nanoparticles 
is shown in Figure 2.15(a). First, the scattering spectrum of individual 
nanoparticles in a white-light microspectrometer was determined. 
Experimentally, the resonant behavior of the nanoparticles is following the 
trend observed in the calculations. The differences observed between the 
two are arising because of fabrication imperfections and finite numerical 
aperture in the experiments. It should be noted that during the experimental 
study of the resonances in chains of the nanoparticles, it was revealed that 
the electric dipole resonance of a single nanodisk is blue-shifted by about 
15 nm compared to the resonances of zigzag chains, due to the coupling 
effect. Therefore the further experiments here are performed at 710 nm for 
the magnetic mode and 815 nm for the electric mode. 
 
 
Figure 2.16: Observation of topological phase transitions. (a) Scanning 
electron microscope images of five nanoparticle chains with different 
values of the zigzag angle. (b) Experimentally measured near-field 
transmission maps and (c) numerically calculated magnetic near-field 
intensities at 35 nm above the surface. 
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 To observe the edge states and reveal the topological phase transition 
experimentally, the near-field scanning optical microscopy (NSOM) was 
emploed. In Figure 2.15(b), top, the experimental NSOM transmission 
images at the wavelength of incident light equal to 710 nm which 
corresponds to the magnetic dipole resonance are shown. Figure 2.15(c), 
top illustrates the experimental NSOM image at the wavelength of 815 nm, 
corresponding to the electric dipole resonance. In the full accordance with 
the numerical results obtained in Section 2.2 (Figure 2.6) the experimental 
NSOM images show a significantly stronger light transmission through the 
top disk in the case of the magnetic dipole resonance and the bottom disk in 
the case of the electric dipole resonance. This suggests that indeed the non- 
trivial topological magnetic and electric states have been experimentally 
realized and observed in the near-field microscopy setting. 
 The next step is to back up the experiments with full-wave numerical 
simulations which have been performed in CST Microwave Studio. The 
plane wave excitation of dielectric disks was used. The respective images 
of the magnetic field profiles at the wavelengths of the magnetic and 
electric resonances are shown in Figure 2.15(b,c, bottom). The fields are 
plotted 35 nm above the structures. In the simulations The material 
parameters were taken into account. Also, I numerically estimate the 
spectral shifts caused by both the NSOM tip cantilever and the substrate 
and account for them. Thus, numerical calculations confirm the presence of 
the edge states.  
 Next, the zigzag angle between the nanoparticles in the chain has 
been varied, as shown in Figure 2.16. As the angle in the zigzag chain 
changes, a transition from topologically nontrivial to trivial edge states 
when the edge mode is excited is observed. This transition is clearly 
detected in the experiment by NSOM measurements (see Figure 2.16(b)) 
and in the numerical simulations (see Figure 2.16(c)) as evidenced by the 
loss of distinctive contrast of the transmission and magnetic field intensity, 
respectively, when increasing the angle. Finally, the topological transitions 
was quantified through an intensity contrast between two edge 
nanoparticles in the chains. For this a total signal was collected from the 
full areas of the two disks and the ratio between them was estimated. The 
numerical and experimental results are plotted in Figure 2.14(b). 
 In this and previous Sections (2.2-2.3), I have considered an 
excitation of the zigzag arrays by a linearly polarized plane wave, while 
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under circular polarization excitation such zigzag arrays may provide a 
unique platform to study and enhance the optical spin Hall effect. This 
effect is discussed in the following Section 2.4.  
 Also, here I would like to mention my contribution to the Section 
2.3: First, I numerically demonstrated the existence of topological 
transition in the zigzag arrays of spherical particles (Figure 2.12). Further, 
together with Dr. A. Poddubny we initiated and coordinated this project, I 
performed numerical optimization of the zigzag array based on dielectric 
nanodisks and obtained all numerical results presented in Section 2.3. Dr. 
S. Kruk fabricated the sample, while Dr. D. Denkova performed NSOM 
measurements.    
 
 
2.4. Photonic spin Hall effect enhanced by the presence of 
topological edge states in the zigzag array of dielectric spheres 
particles 
The topological photonics [76, 99] and spin Hall effect for light [156, 157] 
rely on the same principles of the spin-orbit interaction and nontrivial Berry 
connection formalism. Nevertheless, with a few exceptions [81], these 
studies are focused on quite different phenomena, either the edge states per 
se or spin-dependent transverse light propagation. In this Section, I bridge 
these two seemingly distinct fields of photonics by suggesting the concept 
of the topology-enhanced spin Hall effect, namely describe theoretically 
and demonstrate experimentally the spin Hall effect for light enhanced by 
the presence of topological edge states. In a sharp contrast to the previous 
Sections restricted only to the linearly polarized waves, here I present the 
full polarization spectroscopy that demonstrates non-zero ellipticity of the 
edge states. This means that the resonant hotspots of the electromagnetic 
near-field can be redistributed from the left edge to the right edge by 
changing the handedness of the exciting wave, which is the essence of the 
photonic spin Hall effect. 
 We continue the study of a zigzag array of resonant dielectric 
spheres which can be considered as the simplest example of a structure 
supporting nontrivial localized topological states. Figure 2.17 illustrates the 
effect analyzed here for the structures of different geometry and 
summarizes the main concept. Phenomenologically, the zigzag array with  
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an odd number of particles N has     symmetry.[46] In the case of the 
normal incidence of a plane wave with the amplitude     the transverse 
shift of the near-field hot spot   can be described by the expression 
 
     ,          
      (2.11) 
 
 where the pseudo-vector S quantifies the circular polarization of the 
incident plane wave [158], and can interpreted as an electric part of light 
spin angular momentum density [159]. The vector a is the    axis direction 
(see Figure 2.17). Qualitatively, a lack of the in-plane inversion symmetry 
of the zigzag geometry acts as a ratchet, transforming the rotation of the 
electric field into the transverse translational shift  , and enabling the 
photonic spin Hall effect (see top panel in Figure 2.17). More rigorous 
symmetry analysis of the effect is provided by the group theory. Generally, 
a linear relation between two quantities is allowed by symmetry if they 
 
 
Figure 2.17: Concept of the topology-enhanced spin Hall effect in 
subwavelength particle arrays. Top: Schematic illustration of the 
electromagnetic field localization in the left or right part of the nanoparticle 
array controlled by the polarization handedness. Bottom: Existence of the 
spin Hall effect and topological edge states for the nanoparticle structures 
of different geometry. Green shaded area depicts the structures with the 
inversion symmetry. 
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both transform under all the symmetry operations of the structure in the 
same fashion. In the considered case, both the pseudo-vector component    
(right-hand side of Equation (2.11)) and the combination of the coordinates 
    (left-hand side of Equation (2.11)) transform according to the    
representation of the     group [160]. Namely, they are odd under the 180 
degrees rotation along the    axis direction a, odd under the reflection in 
the plane coordinates      , and even under the reflection in the  
 
 
Figure 2.18: Microscopic origin of the spin Hall effect. (a) Energy 
spectrum as a function of the relative second-nearest neighbor coupling 
strength. Energies of two degenerate edge states are shown in green. (b) 
Near field hot spot shift from the zigzag center as a function of the exciting 
wave frequency at              (dashed vertical line in panel (a)). 
(c) Near field hot spot shift at ω=0 as function of the     relative 
second-nearest neighbor coupling strength. The calculation parameters are 
given in text. 
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horizontal plane    . Hence, the hot spot shift in the direction       is 
allowed by symmetry. The same symmetry argument holds also for spin-
Hall effect in the metasurfaces based on linear antennae arrays [161] or in 
two-dimensional metasurfaces with rotational symmetry breaking [162]: 
the overall symmetry of these structures is     as well. The 
phenomenological Equation (2.11) is also analogous to that describing the 
circular photo-galvanic effect in gyrotropic crystals [163, 164, 165]. In the  
inversion-symmetric structures such as a straight line (    symmetry ) or a 
zigzag with an even number of particles (    symmetry), the effect of type 
Equation (2.11) is impossible since    , see the green shaded lines of the 
table in Figure 2.17. Indeed, the pseudo-vector component    is even under 
the symmetry operation x         , while the combination     is 
odd. As a result, the spin-Hall effect is forbidden by symmetry for a 
straight line or a zigzag with an even number of particles. For the 
asymmetric     structures such as an arc or a zigzag with an odd number of 
particles where    , the effect is allowed by symmetry (white/unshaded 
lines of the table). However, contrary to the arc, the zigzag with an odd 
number of particles also supports nontrivial edge states. The main result of 
this Section is the prediction of the substantial enhancement of the photonic  
spin Hall effect by employing the intrinsic features of these spin-dependent  
topologically nontrivial edge states. 
 To illustrate the emergence of the photonic spin Hall effect at the 
topologically nontrivial edge states, the general Hamiltonian for a zigzag 
array is considered, written in the following form (here next-nearest 
neighbor coupling in contrast to the Eq. (2.6) are taken into account),  
 
    
   
     
         
 
           
 
   
           
     
 
             
 
   
           (2.12) 
 
where    is the resonance frequency, the indices   and  
  mark the 
particles, and                    are the first (second) nearest neighbors in the 
array. The symbol     stands for the annihilation operator for the states 
with the polarization   at the  -th particle. Here only the states excited at 
the normal light incidence upon the zigzag plane       are considered. 
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This includes x-polarized and y-polarized electric/magnetic dipole modes 
or xz- and yz-polarized quadrupole modes. Hybridization between each 
given kind of modes at different particles can be described by the same 
Hamiltonian (Equation (2.12)). The coupling matrices      have the form 
 
   
         
     
         
         
     
         
      
, where   
          
      
  is 
the in-plane unit vector parallel (perpendicular) to the link vector        
and   
   
 and   
   
 are the coupling constants  for the  modes, co-polarized 
and cross-polarized with respect to       . In the electrostatic near-field 
approximation, the dipole-dipole coupling constants can be easily 
calculated and they are equal to      
   and       
   with the ratio 
        , while in the case of quadrupole-quadrupole interaction the 
coupling constants are        
         
   and         , where a 
is the distance between the center of the spheres. Within the nearest-
neighbor approximation      , the edge states in the right angle zigzag 
have strictly x or y polarization. As such, they are excited with the same 
amplitude by the right- and left-circularly polarized waves, and the 
photonic spin Hall effect is not revealed. 
 The coupling terms describing the interaction of the second 
neighbors       make a crucial difference between the considered model 
and that discussed in Section 2.2; they mix both x - and y - polarized modes 
thus providing the microscopic explanation for the physical origin of the 
photonic spin Hall effect in this system. The matrix describing the second-
neighbor couplings  
   
      
 has the same structure as  
   
      
, and it is 
characterized by the constants   
   
 and   
   
. Explicitly, in the xy basis for 
the considered geometry the matrix reads 
 
  
 
 
 
  
      
     
      
   
  
      
     
      
   
     (2.13) 
 
The coupling of linear and circular polarizations is directly seen from the 
structure of the matrix Equation (2.13). Introducing the circularly polarized 
basis               , the matrix elements that describe the coupling 
can be found 
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       (2.14) 
 
Equation (2.14) shows that for complex couplings   
   
 and   
   
 the matrix 
elements of the Hamiltonian between given linearly-polarized state and two  
right and left circularly polarized (RCP and LCP) states have different 
absolute values. This means that the two edge states acquire non-zero and 
opposite ellipticity. The linear-to-circular couplings (Equation (2.14)) can 
be understood as an effective spin-orbit interaction in this system [166]. 
 Figure 2.18 shows the effect of the     couplings on the energy 
spectrum. In Figure 2.18(a), the role of the retarded coupling on the 
spectrum is demonstrated. The model Hamiltonian (Equation (2.12)) was 
 
 
Figure 2.19: Excitation-dependent polarization spectroscopy. Electric field 
intensity near the first particle (top line) and last particle (bottom line) of 
the zigzag array for different polarizations of incident wave shown on the 
Poincaré sphere. Three panels correspond to nearest-neighbor model, full 
numerical and experimental results. White stars indicate the maxima of the 
field. 
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diagonalized for      particles with   
        
             
                    and       The imaginary term in the couplings, 
rendering the Hamiltonian non-Hermitian, has been added to reflect the 
retarded character of the interaction. Shown in Figure 2.18(a) are the real  
 parts of the modes eigenfrequencies as functions of the relative strength of 
the next-to-nearest-neighbor couplings        . This calculation 
demonstrates that the edge states are robust against the long-ranged 
couplings. Namely, for        the spectrum is symmetric with respect to 
the central frequency and possesses a pair of polarization degenerate 
eigenstates localized at the opposite edges of the structure. For non-zero 
     the Hamiltonian loses the chiral symmetry to the sublattice inversion 
and the spectrum becomes asymmetric. However, the edge states persist 
and remain degenerate. More importantly, the states become elliptically 
polarized for       . To demonstrate the resulting spin Hall effect, the 
response of the system to the left- or right- circularly polarized waves was 
calculated  
 
                 (2.15) 
 
where p is the vector of the dipole (quadrupole) moments of the 2N length, 
and    stands for the exciting plane wave;            ,           
for RCP(LCP) excitation at each particle;   is the resonance damping. The 
hotspot shift from the center of the zigzag can be calculated as 
 
  
        
 
   
 
   
      
 
 
 
   
    
       
   
    (2.16) 
 
The calculated spectra      are shown in Figure 2.18 (b) for the particular 
case of                      , corresponding to the quadrupole-
quadrupole coupling, and    . The hotspot shifts to the left or right edge 
depending on the circular polarization sign and the shift has a resonance at 
the edge states frequency. There also exists a bulk contribution to the shift 
when the excitation frequency is within the band of propagating states 
rather than is tuned to the edge states. This analysis shows that the bulk 
term is weaker than the edge term when the couplings are significantly  
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retarded,                 , which is the case for the actual experimental 
structures. Panel (c) demonstrates how the hotspot shift increases with the 
second-neighbor coupling strength when excited at the resonance    . 
 Next, these analytical predictions of the photonic spin Hall effect in 
the zigzag array of dielectric particles are confirmed by rigorous full-wave 
numerical simulations and the experiments conducted for microwave 
frequency range. A closely packed zigzag array of dielectric spheres  
 (similar to the structure from Section 2.2) with the permittivity      
(Figure 2.17) is studied within the frequency range of the magnetic 
quadrupole resonance. The polarization-dependent excitation of the edge 
states can be shown conveniently on the Poincaré sphere. In particular, 
Figure 2.19 presents the electric field intensity at the first (upper row) and 
last (lower row) particles as a function of the polarization of the incident 
wave. In the nearest-neighbor approximation, the field intensity remains the 
same for the right- and left- circularly polarized excitations; i.e. the map 
has a mirror symmetry with respect to the equator of the Poincaré sphere. 
 
 
Figure 2.20: Observation of the topology-enhanced photonic spin Hall 
effect. (a) Microwave prototype. (b) Experimentally measured near-field 
intensity images for the right- and left- circular polarizations. (c) 
Numerically calculated amplitudes of the electric field at the surface of the 
spheres for both right- and left- circularly-polarized incident waves at the 
frequency of the quadrupole resonance of a single dielectric particle. 
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In order to include all possible couplings in the analysis, the full-wave 
numerical simulations of the electromagnetic field are performed in the 
frequency domain solver of the CST Microwave Studio. The finite 
structure in air is modelled. The PML boundary conditions are used. In 
order to plot the electric field intensity in the vicinity of the first and last 
particles for different polarizations on the Poincaré sphere (Figure 2.19, top  
 middle sphere), the complex electric field excited at the first particle for 
the linearly polarized plane waves with polarizations      and       
are calculated. After that, the electric field intensity for all possible cases of 
incident polarization is calculated by using the linear combination of these 
two orthogonal excitations. A change of the calculated maps along the 
equator reflects the sensitivity of the edge mode to the linear polarization. 
Clearly, the first particle is preferentially excited by the x-polarized light, 
and the last particle - by the y-polarized light. A variation along the 
meridian encodes the effects of the circular polarization, revealing the 
photonic spin Hall effect. The calculation demonstrates that the maximum, 
shown by a star, is shifted to the north pole of the sphere in the case of first 
particle (top central panel of Figure 2.19), or the south pole of the Poincaré  
sphere in the case of last particle (bottom central panel of Figure 2.19). 
This means that the near field is preferentially localized at the first particle 
for the right circularly polarized excitation, and on the last particle, for the 
 
 
Figure 2.21: Spin Hall effect in the structures with different symmetries. 
Spectral dependence of the    near the centre of each particle of the 
structures with different geometry (shown as an insets) calculated near the 
quadrupole resonance frequency of the single sphere. Maximum of the   
for each structure marked as a black dashed line. The diameter of the 
spheres was equal to      , where the    is the incident wavelength, the 
period of the zigzag structures ((a) and (d)), dimer structure (b) and straight 
line (e) is equal to the sphere diameter. In the case of the arc structure (c) 
the period is optimized in order to achieve the same spatial dimension as 
the zigzag structure (a). 
 
60 Photonic topological edge states in zigzag arrays 
 
left circular polarization. 
 For the proof-of-concept experimental demonstration, I study the 
effect in the microwave range for an array of MgO-TiO2 ceramic spheres 
characterized by the dielectric constant of 15 and small dielectric loss 
factor measured in the 4-10 GHz frequency range (see Figure 2.20(a)). The 
sphere radius is 7.5 mm and the period is 15 mm. To fasten the particles 
together a special holder made of a styrofoam material with a dielectric 
permittivity of 1 is used. The same experimental setup (as was shown in 
Section 2.2 (Figure 2.7)) is employed. In order to determine the structure 
response to an RCP or an LCP excitation, the amplitude and phase of the 
field excited near the structures by a plane wave with the linear polarization 
     and       are collected and the resulting experimental maps are 
obtained by combining the measured complex fields for two orthogonal 
excitation polarizations in MATLAB. 
 Figure 2.20(b) shows the experimentally measured near-field images 
in the zigzag structure for the right- and left- circularly polarized incident 
waves at the frequency of the magnetic quadrupole resonance of a single 
dielectric sphere. The electric field has the maxima either at the left or right 
edges of the array which is controlled by the handedness of the incident 
wave. This is a direct observation of the photonic spin Hall effect for the 
subwavelength edge states in such an array. Furthermore, the amplitude of 
the electric field induced in the zigzag array for the right- and left- 
polarized incident plane waves (see Figure 2.20(c)) is calculated. A good 
agreement between the experimental and numerical results (Figure 2.20(b) 
and Figure 2.20(c)) is observed.  
 Also, the full excitation-dependent polarization spectroscopy is 
performed. I derive complex fields near the first and last particles (the point 
near the surface of the sphere at the radial axes) and process the electric 
field intensity for all possible cases of the incident polarization, by using 
the linear combination of these two orthogonal excitations. The measured 
intensity of the electric field above the first particle (top line) and the last 
particle (bottom line) as a function of incident wave polarization is shown 
in the last panel of Figure 2.19 and confirms the full wave numerical 
simulations in the central panel of Figure 2.19. 
 Further information on the spin Hall effect is gained from the near-
field maps in the structures with different symmetry. The calculated 
frequency-dependent results are shown in Figure 2.21. The strength of the 
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effect can be quantified by the difference            , where      and 
     are the electric field intensities for two corresponding circular 
polarizations. Figure 2.21 shows the spectral dependence of the   near the 
centre of each particle for the different structures consisting of identical 
resonant dielectric particles in the spectral vicinity of the magnetic 
quadrupole resonance. All three structures in Figure 2.21(a-c) the zigzag 
array, two orthogonal dimers, and the arc, have the same     symmetry that 
allows for the spin Hall effect. However, the value of   for the zigzag array 
(Figure 2.21(a)) is approximately twice higher than for two dimers (Figure 
 
 
Figure 2.22:  Near-field mapping of the resonant modes. (a,b) Intensity of 
the electric field induced in the discrete arrays for the right- and left- 
circularly polarized excitation. (c) Spatial dependencies of the strength of 
the spin Hall effect   . (d) Dependence of the strength of the spin Hall 
effect   measured above particle's centre as a function of the particle 
number. The images are calculated at the frequencies corresponding to the 
maximum of the spin Hall effect (see the spectra in Figure 2.21). 
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2.21(b)) or for the arc (Figure 2.21(c)). This illustrates the enhancement of 
the effect at the elliptically polarized topological edge states. For 
comparison the response for the zigzag array with even number of particles 
(Figure 2.21(e)) and for the straight line (Figure 2.21(d)) is also shown. 
These structures do not exhibit the spin Hall response due to the presence 
of the center of inversion symmetry. 
 Actual near-field maps for these structures are shown in Figure 2.22, 
panels (a) and (b) present the electric field intensity at the frequencies 
where the value of   is at maximum, for two different handednesses of the 
excitation. The spatial dependence of the  , obtained as a difference of the 
images in Figure 2.22(a) and Figure 2.22(b), is shown in the panels (c) and 
(d). In agreement with the spectral dependence in Figure 2.21 the spin Hall 
effect is significantly more pronounced for the zigzag array (Figure 2.22, 
first column) in comparison with the orthogonal dimer structure (second 
column) and the arc structure (third column). For the zigzag array with 
even number of particles the spin Hall effect is absent, i.e. the distribution 
of the near field has mirror symmetry with respect to the zigzag center for 
both circular polarizations. However, the amplitude of the field 
enhancement at the edges with respect to the center is different for right- 
and left- circular polarizations. Therefore, the parameter   in Figure 2.21(d) 
and in the last column of  Figure 2.22 is not zero; it reflects the stronger 
coupling of the RCP excitation to the edge states. 
 
 
2.5. Summary 
 In this Chapter I studied a novel class of photonic topological edge 
states realized in zigzag arrays of subwavelength dielectric resonant 
structures. The selective excitation of topological edge states was 
experimentally demonstrated by adjusting the polarization of the incident 
wave. Moreover, I predicted and observed both electric and magnetic 
photonic topological edge states in the zigzag arrays and have uncovered 
the topological phase transitions, describing a change from topologically 
trivial to nontrivial states of the edge modes. I also, revealed the specific 
features of the photonic spin Hall effect mediated by the excitation of the 
subwavelength topological edge states. Furthermore, I considered one-
dimensional arrays of resonant dielectric particles, where both the photonic 
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spin Hall effect and edge states can be independently switched on and off 
by judicious engineering of the array shape. I have indicated peculiarities 
of the structure symmetry required for enhancement of the photonic spin 
Hall effect via topological properties. Namely, I demonstrated 
experimentally and theoretically that the topological edge states in the 
zigzag array with an odd number of particles substantially enhance the 
photonic spin Hall effect. Moreover, by employing the near-field scanning 
techniques, I directly map selective excitation of either right or left edge of 
the zigzag array controlled by the handedness of the incident plane wave.  
 The study of topological polarization-entangled eigenmodes suggests 
a new way for engineering the properties of subwavelength structures and 
all-dielectric metamaterials for novel applications in photonics. These 
demonstrated phenomena can be useful for manipulation and routing of 
light at a subwavelength scale, as well as, for mimicking spin currents from 
solid state physics in optics. The structures I studied provides the simplest 
example of a topological photonic system at the subwavelength scale, 
which might be useful for designing fundamentally new types of photonic 
topological circuitry with complex magnetoelectric coupling and high-
intensity fields delivered on demand, not existing in any solid state system. 
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Optics and Photonics News, Year in Optics  2015, Vol. 26, No. 12, p. 61, 
(2015).  
3. S. Kruk, A. Slobozhanyuk et al., "Edge states and topological phase 
transitions in chains of dielectric nanoparticles", Small 13, 1603190 (2017). 
4. A. P. Slobozhanyuk et al., "Enhanced spin Hall effect with 
subwavelength topological edge states", Laser & Photonics Reviews 10, 
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Chapter 3  
 
______________________________________________________________________________ 
Bianisotropic metasurfaces and metamaterials 
______________________________________________________________________________  
 
3.1. Introduction: bianisotropic metamaterials and topological 
photonics 
Metamaterials may support electric or magnetic dipole resonances which 
can be selectively excited either by the electric or magnetic component of 
the incident electromagnetic field. However, more diverse control of the 
metamaterial response is possible by engineering the magneto-electric 
coupling which results in the possibility to excite electric dipoles with the 
aid of the magnetic field and vice versa. A general linear material response, 
which can contain anisotropy and, simultaneously, magnetoelectric 
coupling is called a bianisotropic response [33, 12]. The bianisotropic 
material can be characterized by the linear relations between the following 
vectors of the electromagnetic fields [12]: 
 
           ,                 (3.1) 
 
where the four material parameter dyadics are permittivity   and 
permeability   , and two magnetoelectric dyadics    and    that lead to the 
dependence of the response on the spatial direction of the excitation. The 
most important point of bianisotropic response is that the parameters 
related to the magnetoelectric coupling    and    are nonzero, which leads to 
the magnetic dipoles created by the electric field and vice versa [33]. The 
magnetoelectric coupling can be introduced, e. g., with the aid of omega 
particles [167, 168], spirals [169], dielectric cylinders [170] and split-ring 
resonators [3] with lack of inversion symmetry.  
 Bianisotropic particles have been employed to enhance optical 
activity [171, 172, 173], to achieve negative refraction [174] and to develop  
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 structures that exhibit an asymmetric response in transmission or reflection 
[177, 178, 179]. For example, it was experimentally shown that 
bianisotropic metasurfaces made from patterned gold layers (Figure 3.1(a)) 
can demonstrate extreme polarization control of electromagnetic waves 
[175]. More recently, the general idea of control over the reflected wave 
phase with a layer of bianisotropic metallic inclusions was proposed [176]. 
The structured surfaces, provided various functions, including wavefront 
rotation and focusing of electromagnetic waves, as shown in Figure 3.1(b). 
An alternative to the metallic structures considered above, the bianisotropic 
metasurfaces made from dielectric cylinders with the lack of inversion 
symmetry have been proposed, see Figure 3.1(c). It was theoretically [170] 
 
 
Figure 3.1: (a) Schematic representation of the asymmetric circular 
polarizer converting right-handed circularly polarized light from the left 
region to right-handed circularly polarized light after the metasurface 
[175]. Alternatively, when right-handed circularly polarized light 
propagates from right to left, it is completely reflected. (b) Ultrathin lens 
based on omega particles (left panel) and power density distribution of the 
transmitted and reflected waves demonstrating the focusing ability of the 
bianisotropic structure (right panel) [176]. (c) Bianisotropic metasurface 
implemented with the aid of asymmetric dielectric cylinders [170]. 
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and experimentally [180] shown that such a dielectric metasurface has an 
asymmetric response when being illuminated from different directions. 
 The bianisotropic structures can also be employed as building blocks 
for construction of topologically nontrivial metamaterials and metasurfaces 
[75]. This method relies on the engineering of material parameters restoring 
the polarization degeneracy of electromagnetic waves; this can be achieved 
in a material characterized by equal electric permittivity and magnetic 
permeability. The hexagonal lattice of elements implemented with       
material tensors has been theoretically considered in [75]. In such a two-
 
 
Figure 3.2: (a) Electromagnetic analogue of Kramers partners in a 
specially designed metamaterial with    . (b) Photonic band structure of 
a metamaterial with (dashed lines) and without (solid lines) introduced 
magneto-optical couplings. This metamaterial becomes a photonic 
topological insulator through the opening of the second (topological) 
bandgap near the K and K' points of the Brillouin zone for finite values of 
magneto-optical coupling. (c) Dispersion of the spin-up (green) and spin-
down (red) helical edge states supported at the boundary between 
topologically nontrivial bianisotropic metamaterial and topologically trivial 
photonic crystal. (d) Numerical demonstration of the robustness of the edge 
modes against back-reflections even in a strongly disordered domain. 
Images are adapted from [75]. 
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dimensional material (uniform along the z-direction) two waves, e.g. 
transverse magnetic (TM) and transverse electric (TE), propagate with 
identical wavenumbers            . So their two linear combinations 
                          , here called as effective spin states, 
are doubly degenerate and propagate with an identical wavenumber (Figure 
3.2(a)). In order to emulate spin-orbital coupling, the magneto-electric 
coupling in a specific form was introduced in each element. An 
introduction of this coupling leads to the mixing of TE and TM 
polarizations and to the appearance of the band gap (Figure 3.2(b)) that 
change the structure from topologically trivial to non-trivial, with a non-
zero spin Chern number [75]. At the domain wall with the topologically 
distinct material, the robust electromagnetic edge states exist (see Figure 
3.2(c)) with spectacular properties, including a drastic suppression of 
scattering from structural imperfections and disordered regions. For 
example, the edge mode avoids back-reflection even in the presence of the 
of disorder (shown in Figure 3.2(d)), which consists of a strong local 
distortion of the crystalline lattice introduced by randomly shifting rods in 
both crystals in the proximity of their junction, modelling a local fusing of 
the two crystals [75]. As for any other symmetry-protected topological 
phase, breaking the underlying symmetry eventually results in the removal 
of vital degeneracies in the band structure and in the collapse of the 
topological phase. The symmetry-protected topological phase in 
bianisotropic structures can be quite robust against lattice perturbations, 
which are one of the most common classes of disorder. 
In Section 3.2 I demonstrate numerically and experimentally the real 
design of the bianisotropic metasurface, which supports topologically 
nontrivial edge states. Next, in Section 3.3 I propose a novel photonic 
friendly design of an all-dielectric topological metasurface and 
experimentally investigate unique features of this design, e.g. the 
robustness of topological edge states and their spin-locking properties. 
Finally, in Section 3.4 I introduce the concept of three-dimensional all-
dielectric photonic topological insulator based on the bianisotropic 
metamaterial.  
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3.2. Experimental demonstration of topological effects in metallic 
metasurface 
Existence of robust edge states at interfaces of topologically dissimilar 
systems is one of the most fascinating manifestations of a topological 
insulator. Here, I present the first experimental realization of a topological  
 insulator for electromagnetic waves based on engineered bianisotropic 
metamaterials.  
 Topological electromagnetic states realized in this system are based 
on two key ingredients: (i) “spin-degeneracy” enabling emulation of the 
electron spin, and (ii) bianisotropic gauge fields mimicking the spin-orbital 
coupling for electrons in solids. A metacrystal with a square lattice of meta-
atoms with the shape of a ring and two symmetric slits and a wire placed in 
the middle is considered. A schematic of the single meta-atom and the 
periodic arrangement of the metacrystal are shown in Figure 3.3. The meta-
atom of this geometry possesses two low-frequency magnetic and electric 
dipolar resonances with their field profiles shown in Figure 3.3(b). The 
magnetic resonance is formed by the antisymmetric charge distribution in 
the wires of the split ring and with the inactive central wire (an upper panel 
in Figure 3.3(b)). The magnetic dipole moment of this mode is oriented in 
the direction orthogonal to the plane of the meta-atom, and it originates 
from the counter-propagating current in the wires. It is also easy to see that 
the net electric dipole moment of this mode vanishes due to cancellation of 
the dipole moments of the individual antennas of the split ring. In contrast, 
the electric dipolar resonance originates from the dipole moment of the 
central wire modified by the interaction with the wires of the split ring. 
This resonance appears to be shifted significantly towards the lower 
frequencies due to the hybridization with the split-ring by inducing 
symmetric-current distribution in the wires. The latter feature allows to 
satisfy the spin-degeneracy condition as the geometrical parameters of the 
meta-atom can be tuned to ensure that the electric and magnetic dipolar 
resonances occur at the same frequency. 
 As the next step, the metacrystal is created by arranging the meta-
atoms into a square two-dimensional array with only one layer in a vertical 
direction (see Figure 3.3(c)). The open geometry considered here represents 
a special interest due to possible leakage of topological modes caused by  
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Figure 3.3: Structure and eigenmodes of the bianisotropic meta-atoms and 
a metacrystal. (a) Geometry of the meta-atoms with bianisotropic response 
controllable by the asymmetry of    and    gaps. The radius (r), metal 
width (w), length of the wire (l), and periods (Px, Py) are equal to 2.85 mm, 
0.5 mm, 7.5 mm, 13 mm and 12 mm respectively. Metal width for the 
central wire and split ring wires is 1 mm and 0.5 mm, respectively. (b) 
Dipolar magnetic (top subplot) and dipolar electric (bottom panel) 
eigenmodes of the symmetric meta-atom (              ). (c) 
Perspective view of the two-dimensional metacrystal formed by periodic 
stacking of the metamolecules. (d) Photonic band structure of the 
metacrystal with (                   ) and without 
(             ) bianisotropy shown by red and green markers, 
respectively. An inset shows the first Brillouin zone and the high symmetry 
points. The right sub-image shows an enlarged region near the topological 
band gap. The yellow shaded area illustrates the spectral width of the gap 
and two blue lines indicate the position of the complete band gap region. 
The substrate with the permittivity        is taken into account. The 
position of the light line      ) is marked by thin black dashed (on the 
left subplot) and solid (on the right subplot) lines. 
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 the out-of-plane scattering into the radiative continuum. The square lattice 
of the metacrystal with     in-plane and z-inversion symmetries possesses 
quadratic degeneracies at high symmetry   and   points in the Brillouin 
zone [67, 64, 181], which is confirmed for both electric and magnetic 
dipolar modes of the metacrystal by first principle finite element method 
simulations, and are shown in Figure 3.3(d) (green dotted line). All 
numerical results for photonic band structures are obtained by performing 
finite-element-method calculations in COMSOL Multiphysics (Radio 
Frequency module). Perfectly conducting elements (split ring and wire) 
placed on the dielectric substrate are used in the model. The periodic 
boundary conditions are imposed in the x and y directions to form an 
infinite square lattice. The perfect matched layers are added to the domain 
in order to prevent back reflections from vertical direction. The mesh is 
optimized in order to reach the convergence.  
 Here I am interested in guided waves exponentially confined to the 
structure in vertical direction and whose bands are located below the light 
cone (dashed straight lines in Figure 3.3(d)), and, therefore, in what follows 
the main focus is on the quadratic degeneracies taking place at M points. 
Note, that to ensure the condition of spin-degeneracy at M-point, e.g. the 
two doubly-degenerate quadratic bands stemming from magnetic and 
electric resonances appear at the same frequency, the geometry of the meta-
atoms is fine-tuned in order to compensate for the effects of slightly 
different interaction between magnetic and electric dipoles in the array. The 
band structure (see Figure 3.3(d)) confirms the presence of overlaid 
electric-like and magnetic-like collective modes with quadratic degeneracy 
at the  point. 
 The presence of the quadratic degeneracies is crucial for topological 
protection in the metamaterial under study; to illustrate this, here an 
analytic effective Hamiltonian description [66, 75, 181] is applied. It is 
important to note that effective theory of quadratic degeneracies was first 
developed by Chong et al. [181]. The band structure of the metacrystal in 
the proximity of the M-points can be described by the effective quadratic 
Hamiltonian                 , acting on a four component 
wavefunction                  , with its components being in-plane 
electric and magnetic dipole moments, and subscripts   and   indicating 
the electric and magnetic blocks, respectively, which are described in a by 
the expression [181]:  
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        (3.2) 
 
Here     are the Pauli matrices,    is the deviation of the Bloch wavevector 
from the M-point, and        and    are the effective parameters of the 
model, which in general are different for electric and magnetic modes. 
However, in proposed design the dispersion of the electric and magnetic 
modes has been tuned to match near the M-point. This degeneracy is 
crucially important as it allows choosing a new set eigenmodes as any 
linear combination of electric and magnetic components. One of the key 
ingredients for engineering the topological state in the metacrystal 
represents the ability to emulate the spin degree of freedom of electrons in 
Quantum Spin Hall Effect (QSHE) [61, 60], which must be odd under time 
reversal (TR) operation. By noticing that electric and magnetic moments 
transform differently under TR        and        , it was shown 
that an appropriate choice of basis is given by the wavefunction     
                             
    
    
    
  , where   
  
and   
  are the pseudo-spin components which are time-reversal partners 
   
    
  of each other [75]. 
 Next, to endow the metacrystal with topological properties, an 
effective gauge field emulating the spin-orbital coupling is introduced. It is 
achieved by introducing bianisotropy mixing magnetic and electric degrees 
of freedom of the system [75]. The desirable form of bianisotropy should 
couple x-(y-) magnetic dipole moment with y-(x-) electric dipole moment 
of the meta-atom, and is realized by breaking its inversion symmetry. 
Figure 3.3(d)(red dotted line) shows the band structure calculated by the 
finite element method for the case of distorted meta-atoms, where the 
central wire was displaced vertically between the split ring wires (so that 
gaps    and    are no longer equal), and reveals a gap that is complete 
below the light cone. It is important to note, that the four-fold degeneracy 
around the M-point does exist in ideal square lattice of resonant elements, 
as dictated by the lattice symmetry. The small opening of the gap within 
electric-like and magnetic-like modes is, in fact, induced by the presence of 
the dielectric substrate, which induces coupling between these modes, 
however, it appears to be very narrow in comparison with the topological 
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band gap open by the bianisotropy and, according to simulations and 
experimental results, has no effect on the edge states. 
 The presence of a non-zero bianisotropy, playing the role of spin-
orbit coupling, which in the basis of electric and magnetic dipolar modes 
can be described by the effective potential     
                 with the 
real parameter   characterizing the strength of the bianisotropy, leads to the 
removal of this degeneracy [75]. The four bands near the point of quadratic 
degeneracy thus are described by the 4x4 eigenvalue problem 
 
 
       
       
  
   
   
        
   
   
     (3.3) 
 
where                    
     
                         
  ,     
are the Pauli matrices,    is the deviation of the Bloch wavevector from the 
M-point, and        and    are the effective parameters of the model [181]. 
 When the condition of spin-degeneracy is satisfied (e.g.        ), 
and the degenerate quadratic bands for electric and magnetic modes appear 
at the same frequency, the equation (3.3) can be block diagonalized by the 
linear transformation                   to the spin-up/spin-down basis 
                                
    
    
    
   [75]: 
 
 
         
         
  
  
  
        
  
  
    (3.4) 
 
where   is now clearly playing the role of the mass term which has an 
opposite sign for the spin-up and spin-down states [75, 181]. 
 By solving the eigenvalue problem (3.4), find the bulk band structure 
of the metacrystal is found, which appears to be doubly degenerate with 
respect to the spin: 
 
                      
     
  
             
 
      
               
 
    (3.5) 
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As can be seen from Eq.(3.5), for     the two quadratic bands meet at 
     , for both spin-up (  ) and spin-down (  ) states, while at      
the degeneracy is lifted and a bulk bandgap opens leading to an 
“insulating” state, which is illustrated in Figure 3.4(a) and Figure 3.4(b) by 
black solid lines. 
 As the next step, the edge states at a domain wall located at     
between two locally homogeneous regions, where the sign of the 
bianisotropy parameter   (and the mass term) reverses, are considered. 
Edge-state solutions propagating along the domain wall but decaying in the 
direction perpendicular to the domain wall will lie in the bulk gap of the 
two domains [182]. Since the Hamiltonian is of the second order in the 
momenta, the dispersion relation for edge states are found by imposing the 
boundary conditions to the wave functions which require the continuity of 
the wave function and the absence of the current normal to the edge. The 
resultant dispersion of the edge modes found both for spin-up and spin-
down states is shown in Figure 3.4 by red and blue solid lines, respectively. 
 The sign of the mass parameter   in the effective Hamiltonian is 
 
 
Figure 3.4: Bulk and edge modes of the metacrystal with a square lattice as 
described by the effective Hamiltonian. (a) Gapless bulk spectrum 
calculated for      (total four bands are present, and spin-up and spin-
down modes are doubly degenerate for all values of    ). (b) Opening of 
the doubly-degenerate topological gap (black lines) and emergence of the 
spin up (red line) and spin down (blue line) edge states. Parameters used 
are       ,        ,        , and           . 
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clearly related to the topological invariants associated with the non-trivial 
topological character of the photonic states in the proposed metamaterial 
design. Particularly, calculating the Chern numbers for the upper and lower 
bands     
   
 
  
              
       
  
    by integrating the Berry 
connection     
              
           
    expressed through the 
eigenvectors    
  
 of the problem (3.4) gives     
   sgn( ) =      
  [181]. 
Thus, although the net Chern number for a pair of frequency-degenerate 
Kramers partners vanishes because of the time-reversal symmetry, the 
metacrystal exhibits a topologically non-trivial phase characterized by the 
spin Chern number  spin    
        and an invariant      [60], 
which is analogous to the case of electronic quantum spin Hall system.  
 Appearance of topologically robust helical edge modes insensitive to 
local structural imperfections and avoiding backscattering represents a 
hallmark of topological photonic order emulating QSHE. In the case of 
bianisotropic metacrystals [75], the edge states have been predicted to 
occur at the domain walls representing boundaries between regions of the 
metacrystal with the reversed bianisotropy. The presence of such modes 
was confirmed by calculating the photonic band structure in the effective 
Hamiltonian model. From the bulk-boundary correspondence, for such a 
domain wall, one expects two edge modes for every spin, in accordance 
with the change in the spin-Chern number between the domains [75]. It is 
worth mentioning that one could also expect to observe the edge modes on 
the external boundary of the metacrystal with the air, however, in contrast 
to electronic systems, the external domain does not possesses a bandgap in 
the spectrum and is filled with the electromagnetic continuum. This makes 
such modes either leaky or unstable to any perturbation which couples 
them to the radiative continuum of the free space, thus breaking the 
topological protection. 
 To verify these theoretical predictions and confirm topological 
robustness of the helical edge states, a metacrystal was fabricated by 
printing an array of metamolecules (Figure 3.3(a)) on the 1 mm-thick 
dielectric board (Arlon 25N) with the dielectric permittivity       . The 
board was cut into linear segments which were stacked to form a square 
lattice, as shown in Figure 3.5(a). Special mask made from styrofoam 
material with the dielectric permittivity of 1.15 was used to control the 
periodicity of the segments separation. To test the topological protection, 
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which leads to the ability of the edge modes to propagate around sharp 
bends without back scattering, the zigzag-shaped domain wall was created 
by deliberate distribution of meta-atoms with the central wires shifted 
vertically up and down across the crystal, as indicated by the dashed white 
line in Figure 3.5(a). 
 First, the presence of the topological band gap was verified by 
exciting bulk modes with the dipole source placed away from the domain 
wall. I utilize subwavelength dipole as a source, which is connected to the 
transmitting port of a vector network analyser (Agilent E8362C). For 
measurement of the transmission spectra, a similar dipole antenna was used 
as a receiver. Figure 3.5(b) clearly reveals the gap spanning frequency 
range from 8.6 GHz to 9.3GHz. Next, the presence of the topological edge 
 
 
Figure 3.5: Experimental system and the observation of topological edge 
modes. (a) Photograph of the fabricated metacrystal with the location of the 
double-bend domain wall indicated by the white dashed line. (b) 
Transmission spectra of the metacrystal away from the domain wall (blue 
line - the dipoles locations are indicated by red circles on the panel (a) and 
along the domain wall (red line- the dipoles locations are indicated by 
green circles on the panel (a). (c) Two-dimensional map of the magnetic 
field intensity indicating reflection-less propagation along the domain wall. 
(d) Normalized magnetic field intensity along the domain wall measured 
for different frequencies (8.9 GHz - blue line; 8.95 GHz - green line; 8.987 
GHz - red line) within the topological band gap. 
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mode was tested by placing the dipole at the domain wall and the 
transmission spectrum was measured. As expected, the enhanced 
transmission within the band gap region occurred due to the excitation of 
the edge mode, as shown in Figure 3.5(b). Note that the transmission was 
especially high near the gap center and gradually dropped towards the 
edges of the bands.  
 To confirm that the transmission indeed occurs due to the edge mode 
localized to the domain wall, the near-field map of magnetic field intensity 
was measured across the entire sample with the use of the probe (magnetic 
loop antenna) mounted on the two-dimensional near-field scanning stage. 
The probe was oriented normally with respect to the interface of the 
structure. The near field was scanned at the 1 mm distance from the back 
interface of the metacrystal to avoid a direct contact between the probe and 
the sample. The map shown in Figure 3.5(c) clearly shows that the mode 
excited at the frequency of         GHz is indeed guided by the domain 
wall. In agreement with the theoretical predictions, the mode appears to be 
strongly localized to the domain wall. In addition, quite surprisingly that 
effects of leakage neither to the modes above the light cone nor to the 
radiative continuum were not observed. Moreover, the edge modes do not 
scatter to these modes even when they encounter sharp bends of the domain 
wall, and the wave flawlessly transfers between orthogonal segments of the 
wall. The mode is not radiating to the free space at the sharp corner due to 
its strong localization to the domain wall and the spin locking, as well as 
the profile mismatch with the modes above the light cone. Indeed, the 
mode simply has higher quality factor and the energy tends to stay in this 
mode rather than being transferred into the short-living leaky state near the 
gamma point.  
 To ensure the robustness across the entire frequency range of the 
topological bandgap, the same measurements have been conducted for 
multiple frequencies. As expected for the frequencies close to the spectral 
edges of the bulk modes, the edge states become poorly localized and are 
hardly distinguishable from the bulk modes. However, as can be seen from 
Figure 3.5(d), the edge states with frequencies sufficiently apart from the 
bulk spectrum remain well localized and exhibit similar robustness against 
sharp bends of the domain wall at all frequencies. It is also important to 
mention that the drop in the transmission observed in Figure 3.5(b) away 
from the center of the topological band gap lacks back-reflection along the 
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domain wall (observed in Figure 3.5(d)), which indicates that the low 
transmission near the edges is associated with the insertion loss. This can 
be explained as the consequence of increasingly poor overlap of the field 
produced by the dipole antenna with the field profile of the edge mode 
which spreads over the bulk as we approach the band edges. Also note that 
in Figure 3.5(d) some variations in the field intensities occur due to the 
local interference effects, which, however, do not lead to backscattering, 
but rather assist total transmission through the zigzag, as is evidenced by 
the rebound of the intensity away from the    -bends of the wall. It should 
be mentioned that the field profile in Figure 3.5(d) indicates that there is a 
slow decay of the field with the rate of about 12% per one passage through 
the structure. Nonetheless, this level of loss in experimental system is 
clearly marginal and does not affect the topological nature of the edge 
states. Finally, it is important to mention that according to the results of 
measurements the finite lateral size of the sample did not play any 
detrimental role and no any noticeable backscattering of the edge modes 
occurred at the metacrystal boundaries, where the edge modes were 
efficiently radiated into the propagating continuum of the free space. 
 Note, that other designs to implement topologically nontrivial 
bianisotropic structures based on metallic components have been recently 
proposed [90, 98, 94, 91, 183]. Presented in this Section model is an open 
system, e.g. there are no metallic walls from top and bottom sides in 
contrast to the Refs. [90, 98, 183] where the robust edge transport was 
achieved due to these boundary conditions. Therefore, the proposed system 
allowed us to directly measure the near field profile of the nontrivial edge 
states and demonstrate topologically robust propagation of electromagnetic 
waves around sharp corners. While the current design and other 
bianisotropic structures proposed by different research groups earlier have 
shown spectacular properties, their functionality cannot be extended to IR 
and visible domains due to the Ohmic losses associated with metals and 
very sophisticated designs. To overcome these challenges in the following 
Section, I introduce the first compact photonics friendly design of all-
dielectric topological metasurface. 
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3.3. Near-field imaging of spin-locked edge states in all-dielectric 
topological metasurfaces 
The experimental realization of photonic topological systems have 
demonstrated fascinating properties for their electromagnetic modes and 
opened avenues for their use in practical systems and devices [64, 71, 72, 
89, 95, 184]. Unfortunately, as was mentioned in the previous Section, 
many of these original proposals have been based on metal containing 
metamaterials [90, 185, 91, 94, 183], whose functionality cannot be 
extended into IR and visible domains. In this respect, all-dielectric 
 
 
Figure 3.6: Transition from topologically trivial to non-trivial all-dielectric 
metasurface. (a) Geometry of a topologically nontrivial metasurface with a 
domain wall between arrays that possess different topological 
characteristics. The period is 36 mm, large disk radius and height are 14.57 
mm and 9 mm, small disk radius and height are 11 mm and 3 mm 
respectively. (b) Photonic band structure of the metasurface without 
bianisotropy. (c) Photonic band structure of the metasurface with 
bianisotropy. Insets in panels (b,c) show the corresponding meta-atoms of 
both metasurfaces. The green shaded area illustrates the spectral width of 
the topological band gap. The position of the light line is marked by a blue 
shaded area. (d) Structure of eigenmodes of the bianisotropic metasurface, 
revealing locking of their electric and magnetic field components. 
 
80 Bianisotropic metasurfaces and metamaterials 
 
 
topological structures based on arrays of ring resonators [72, 77, 186, 187] 
or chiral waveguides [71, 95, 96] have demonstrated desirable properties at 
optical frequencies. Nonetheless, this comes at the cost of a very large 
footprint, with arrays of resonators that can be hundreds to thousands of 
wavelengths in size, rendering such systems rather unpractical. It is of 
practical relevance to realize topological systems not only made of 
photonic compatible materials, but also compact enough for integration 
with modern photonics circuitry [188]. In this case one has to consider 
structures with characteristic length scales that are smaller [10] or 
comparable in size [125] with the wavelength of light. In this regard the 
recently emerged field of all-dielectric metamaterials and metasurfaces [53, 
45, 55] represents a well-suited platform to realize compact topological 
photonic insulators. Based on this concept, in this Section I implement a 
two-dimensional all-dielectric topological metasurface and demonstrate 
topologically robust photonic transport and directly visualize by near field 
spectroscopy the robustness of topological edge states and their spin-
locking properties. 
 The structure under consideration is schematically shown in Figure 
3.6(a) and it represents a triangular array of dielectric disks with their 
dimensions tuned such that the array supports two doubly degenerate Dirac 
cones at   and    points of the Brillouin zone. The commercially available 
full-wave electromagnetic simulator software COMSOL Multiphysics 
(version 5.0), was used in order to calculate the photonic band structure of 
the metasurfaces. For unit cell simulations the periodic boundary 
conditions in x- and y-directions and PML in z-direction were used. The 
band structure plotted in Figure 3.6(b) reveals two pairs of Dirac bands, 
stemming from electric and magnetic dipolar modes of the disks, 
respectively, and their degeneracy effectively restores the dual symmetry 
responsible for the topological state exploit here [75, 91, 185]. The field 
configurations for the corresponding dipolar modes carrying angular 
momentum      are shown in Figure 3.6(b) (as polarized in x- and y-
direction) and the presence of Dirac points stems from the degeneracy of 
these modes at K and K’points due to PT and the rotational symmetries of 
the lattice. 
 The double degeneracy between electric and magnetic dipolar modes 
enables emulating the spin degree of freedom of topological insulators [98, 
75]. On the other hand, coupling between electric and magnetic modes, 
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referred to as magneto-electric coupling (or bianisotropy), allows emulating 
coupling of spin and orbital degrees of freedom, essentially the spin-orbit 
interaction of light [75, 157, 81]. To induce such coupling, I use the fact 
that electric and magnetic modes have different parity in the out-of-plane 
(z) direction, and break this symmetry by introducing a circular notch on 
one of the sides of the cylinders. This gives rise to hybridization of electric 
and magnetic dipolar modes and opens a complete photonic band gap 
(Figure 3.6(c)). Note that, while this gap is complete below the light line, 
because the structure has finite thickness, its modes located above the light 
line may couple to the continuum of radiation in the cladding. Nonetheless, 
the top and bottom bands do not cross anywhere in the Brillouin zone,  
 
 
Figure 3.7: Spectral characteristics of all-dielectric topological 
metasurface. (a) Transmission spectra of the topological metasurface 
without domain wall (blue line, location of the dipoles are indicated by the 
black triangles in the left inset) and along the domain wall (red line, the 
dipoles locations are indicated in the right inset). The insets schematically 
show the geometrical configurations used in both experiments. (b) 
Simulated distribution of the electric field amplitude at the frequency of 
2.468 GHz for two different configurations of the metasurfaces, without the 
domain wall (1) and with the domain wall (2) which supports the 
topological edge states. 
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 which implies that the topological properties are completely defined by the 
hybridization of magnetic and electric Dirac bands near the   and    
points. 
 The eigenmodes of the structure with bianisotropy are mixed states 
with in-plane electric and magnetic dipolar components being locked in 
both orientation and phase (Figure 3.6(d)). These mixed states are referred 
to as pseudo spin-up     and spin-down     states and appear pairwise as 
top and bottom bands in the spectrum. To confirm that these new states 
possess topological properties, numerical calculations of the topological 
invariant [91, 185] were performed. The Chern number was determined 
from the expression                    by integration the Berry 
curvature                 , where               is the Berry 
connection. It was found that the upper and lower modes are characterized 
by non-vanishing spin-Chern numbers     
     and     
    , where 
the subscripts indicate lower (l) and upper (u) bands. Importantly, the 
reversal of the orientation of the meta-atoms in the vertical direction (from 
the notch up to the notch down) leads to the reversal of the pseudo-spins 
and of the bands in the spectrum, which is also accompanied by an 
inversion of the topological invariant to     
     and     
    , 
respectively; the fact that will be subsequently used to create topological 
interfaces. 
 The proposed structure was fabricated using high index (    ) 
ceramic discs of two radii, which were glued one to another to from 
bianisotropic meta-atoms. The spectral response of each meta-atom has 
been measured in the frequency range of interest, and the positions of the 
resonances have been determined via an inspection of the reflection 
coefficient of the small loop antenna (diameter 11 mm) placed above the 
meta-atom. The metasurface was formed through the insertion of the meta-
atoms in the machine-processed substrate made from Styrofoam material 
(epsilon around 1.15 and negligible losses), where the holes with 
appropriate diameters and periodicity were drilled. As the next step, the 
collective response was studied by RF spectroscopy. All the measurements 
were performed in the anechoic chamber. I employed two subwavelength 
dipoles as a source and a receiver, which were connected to the vector 
network analyzer (Agilent E8362C) for measurement of the transmission 
spectra. First, it was confirmed that the array possesses a bandgap induced  
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 by the bianisotropy in the frequency range 2.42-2.52 GHz (Figure 3.7(a)). 
The measurement results are in full agreement with the numerical 
calculations of the band structure. Full wave simulations of the finite 
metasurfaces prototypes were carried out with the aid of frequency domain 
solver of CST Microwave Studio. The PML boundary conditions were used 
and additional space between the structure and the boundaries was added in 
order to avoid possible minor reflections. The excitation was performed via 
the insertion of the subwavelength dipole inside the structure. Figure 3.7(b) 
shows that the field excited by the dipole located at the topological 
metasurface is completely localized in the crystal, e.g. is not propagating 
towards any direction.  
 The major interest in topological electromagnetic phases lies in the 
fact that they support robust edge states at their interfaces, thus enabling 
guiding around defects. The interfaces supporting such modes can be 
divided into two classes: i) interfaces with non-topological domains and ii) 
domain walls, which represent interfaces between structures possessing 
 
 
Figure 3.8: Topological edge modes supported by the domain wall in open 
all-dielectric metasurface. (a) Dispersion of the photonic topological edge 
states supported by the domain wall in the metasurface. The gray shaded 
areas illustrate the bulk photonic states, while the blue shaded area 
corresponds to the modes of radiative continuum. (b) The field profiles 
(  ) across the domain wall for different frequencies, corresponding to the 
different edge modes, indicated in the panel (a). 
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different topological characteristics. Since the topological order originates 
from the dual symmetry of the structure, this study was limited to interfaces 
that do not violate such the symmetry, which would inevitably result in the 
coupling of opposite pseudo-spins leading to gapping or complete collapse 
of the topological edge states. On the other hand, the external boundary 
with free space may appear a good symmetry-protecting interface. 
However, it does not allow confining the topological states, due to strong 
radiative coupling into the electromagnetic continuum. The second class of 
a topological interface, a domain wall separating two topologically distinct 
domains of the metasurface, was chosen. The two domains represent 
crystals with opposite orientation of the meta-atoms in the vertical 
direction, thus effectively creating a topological interface, the domain wall, 
across which the spin-Chern numbers experience a jump of magnitude 2. 
The bulk-interface correspondence [75] implies that such a domain wall 
should host a total of four states, two with spin-up and two with spin-down, 
respectively. 
 The numerical simulations carried out for a supercell of 24 meta-
atoms with a flip of their orientation in the middle and the perfectly 
matching boundary condition applied in vertical direction at the top and 
bottom of the structure confirm the existence of edge states. The edge states 
appear within the topological bandgap and are strongly localized to the 
domain wall in the lateral direction, and while they do lay below the light 
cone, they apparently overlap spectrally with the modes of radiative 
 
 
Figure 3.9: Fabricated prototype of an all-dielectric topological 
metasurface and experimental observation of spin-locking. (a) Photograph 
of the metasurface with the location of the domain wall indicated by the red 
line and the source position marked by the star symbol. (b,c) 
Experimentally measured electric near-field intensity images for the linear 
(b) right- and left- circular (c) polarizations of the source at the frequency 
of 2.462 GHz. 
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continuum laying above the light line (Figure 3.8(a)). Despite this, the 
modes appear to be well defined and localized to the domain wall and, as 
demonstrated below, have negligible leakage to the continuum. 
Importantly, no such localized edge states have been found for similar 
calculations carried out for the case of all meta-atoms facing up, while an 
identical bulk spectrum was obtained (not shown), thus confirming the 
topological origin of the edge states. 
 Interestingly, only two of the modes appear to cross the entire 
topological band gap, while the second pair touches the light line and 
disappears in the middle of the gap after emerging from the continuum of 
the bottom bulk modes. This is important distinction of current open 
metasurface from its closed photonic counterparts where similar modes 
would also cross the entire bandgap due to the absence of the light cone 
and the continuum of modes within it. The inspection of the field profiles 
for the two sets of modes also shows that the one crossing the gap 
represents a set of even modes, which are symmetric across the domain 
wall (Figure 3.8(b)). For these modes, one spin-up and one spin-down, 
respectively, the coupling to radiative continuum is largely suppressed by 
their symmetry, which ensures that such coupling does not destroy their 
topological nature. Such suppressed coupling can be easily understood by 
noticing that the mode has quadrupolar        profile which has very low 
radiation efficiency. At the same time, the odd edge states not only cross 
the light cone, but appear to interact strongly with the radiative continuum 
which affects their dispersion by pushing it to the low frequency range - a 
clear indication of destruction of their topological properties caused by the 
interaction with the continuum. This strong interaction of the odd edge 
modes can also be intuitively understood from their field profile across the 
domain wall, which has clear out-of-plane magnetic dipolar    (and 
quadrupolar    ) configuration and efficiently radiates in the directions 
close to lateral. 
 To experimentally confirm the existence of the topological edge 
states, the configuration of the array was changes in such a way that half of 
the meta-atoms were oriented upward and the second half – downward thus 
forming the domain wall across the straight line (Figure 3.9(a)). The edge 
modes were then excited by a dipole antenna placed in the middle of the 
domain wall in the horizontal direction and just above the array to ensure 
coupling to the near field (see the right inset in Figure 3.7). Next, the 
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presence of the topological edge mode was tested by placing the dipole 
source at the domain wall and the transmission spectrum was measured 
(see Figure 3.7). As expected, enhanced transmission within the band gap 
region occurred due to the excitation of the edge mode, as shown in Figure 
3.7(a) red curve and the lower panel of Figure 3.7(b). The precise location 
of the antenna allowed us exciting the topological edge states with electric 
field maximum at the center of the domain wall. At the same time, 
controlling the polarization of the dipole antenna enabled selective 
excitation of the mode with specific angular momentum. Thus, circular left 
or right polarization excites one of the two particular pseudo spins due to 
the locking of spin and angular momentum degrees of freedom. To perform 
the near-field measurements, an automatic mechanical near-field scanning 
setup and an electric field probe connected to the receiving port of the ana- 
 
 
Figure 3.10: Experimental verification of the robustness of the edge state 
against sharp bends. (a) Photograph of the metasurface with the location of 
the double-bend domain wall indicated by the red line and the source 
position marked by the star symbol. (right panels) Experimentally 
measured electric near-field intensity images for the linear and right-
circular polarizations of the source at the frequency of 2.462 GHz. (b) 
Photograph of the metasurface that indicates the displacement of the source 
(marked by the star symbol) together with the electric near-field intensity 
image for the left-circular polarization of the source at the frequency of 
2.462 GHz. 
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lyzer was used. The probe was normally oriented with respect to the 
interface of the structure. The near field was scanned at the 2 mm distance 
from the back interface of the metasurface to avoid a direct contact 
between the probe and the sample. In order to determine the structure's 
response to the right- and left-circular polarizations of the source, the 
amplitude and phase of the field excited near the structures by a linearly 
polarized dipole oriented along x- and y-directions were collected. The 
resulting experimental maps were obtained by combining the measured 
complex fields for two orthogonal excitation polarizations in MATLAB. 
As it can be seen from the map of the near field collected by the probe 
attached to the xy-motorized stage, the linear polarization excites edge 
modes of both spins running in both directions away from the source 
(Figure 3.9(b)). However, switching to circular polarizations changes the 
pattern of the field and, as shown in Figure 3.9(c), the left and right handed 
excitations resulted in a unidirectional flow of the radiation from the 
source. These experimental results unambiguously confirm the spin-
locking and the topological character of the edge states. 
 The observed spin-locking is known to be responsible for the 
unprecedented robustness of the edge states to structural imperfections and 
defects, which has been demonstrated before for metamaterial systems 
based on metal components. Here it is expected to see similar robustness in 
an all-dielectric platform, while the open geometry of the system offers 
additional benefits by allowing us to directly visualize reflectionless flow 
of the field by a near-field probe. To confirm such robustness, a domain 
wall configuration with two sharp bends was created and experimental 
measurements with a source placed in the middle of the central segment, as 
shown in Figure 3.10(a), were carried out. The circularly polarized feed 
again leads to selective excitation of spin-up or spin-down modes, which 
flow towards a particular bend. As expected from the topological 
robustness, the modes flow around the bends without back-reflection, as 
confirmed by the near-field map in Figure 3.10(a) (right panel). Similar 
unidirectional excitation and robust propagation was also found for the case 
of the source placed in the first long arm of the domain wall (Figure 
3.10(b)), in which case the spin-up edge state propagates across two sharp 
bends without back reflection and avoided the formation of standing-wave 
field-configurations in the central segment.  
88 Bianisotropic metasurfaces and metamaterials 
 
 
 In the following Section, I employ the two-dimensional layers of all-
dielectric topological metasurfaces developed here and present the first 
three-dimensional all-dielectric photonic topological insulator as an analog 
of a "weak" topological insulators, well-known in the condensed matter 
physics.  
 
 
3.4. Three-dimensional all-dielectric photonic topological insulator 
In this Section I demonstrate that symmetry protected three-dimensional 
topological states can be engineered in an all-dielectric platform with the 
electromagnetic duality between electric and magnetic fields ensured by the 
structure design. Although the existence of 2D topological states of light 
with time-reversal (TR) symmetry is now a matter of experimentally 
confirmed fact, similar three-dimensional (3D) topological systems, first 
predicted to exist in condensed matter systems [189], have so far evaded 
emulation in photonics. And although 3D photonic topological insulator 
without TR symmetry has been recently put forward [99], the design 
suggested is rather challenging due to the requirement of non-uniform 
magnetization of ferrite constituents. Nonetheless, the possibility to 
engineer the topological state of light in three dimensions relying on a 
fabrication-friendly platform is of a significant fundamental interest as it 
may allow emulating exotic states of matter described by relativistic Dirac 
equation in three spatial dimensions. Such realization may also usher in a 
broad range of practical applications enabled by topologically robust 
routing of photons in three dimensions. This envisions novel photonic 
technologies based on the integration of photonic elements and 3D 
topologically robust optical circuitry. 
 In the following, I demonstrate a 3D topological photonic 
metacrystal based on a stacking topologically nontrivial 2D all-dielectric 
layers developed in Section 3.3. An obvious advantage of this design is that 
it avoids lossy metal-based components [75, 185]. The suggested design 
can therefore be readily implemented across entire electromagnetic 
spectrum from microwave to visible domain. Moreover, this design for the 
first time implements a "weak" 3D topological insulators originally 
proposed in solid states physics [189, 190] using a versatile photonic 
platform. Originally assumed to be not as robust as the "strong" 3D  
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topological insulators, these systems have been recently shown to possess 
rich physics and unexpectedly strong protection against disorder [190], 
which, when combined with their straightforward practical realization 
makes them of significant interest in photonics. 
 Corroborated by rigorous numerical simulations, here I demonstrate 
that symmetry protected topological nontrivial states can be engineered in 
the metacrystals that preserve electromagnetic duality – an internal 
 
 
Figure 3.11: Three-dimensional Dirac cone and topological transition in 
all-dielectric metacrystal. Schematics of the metacrystal without (a) and 
with (b) bianisotropy and corresponding photonic band structures (c) and 
(d), respectively, calculated along the high symmetry directions. Brillouin 
zone of the 3D hexagonal lattice is shown as an inset between (a) and (b). 
The insets in (c, d): 2D projection of the 3D Dirac cone in the vicinity of 
the K-point and emergence of the topological band gap induced by the 
bianisotropy. The structure parameters are        cm,    
      ,         cm,        cm,      ,     . 
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symmetry of the electromagnetic fields responsible for the symmetry 
protected topological phase [75, 91]. To this end, the duality of the 
electromagnetic eigenmodes, otherwise broken by materials response, is 
restored by careful design of building blocks of the three-dimensional 
photonic lattice referred to as meta-atoms. This ensures the presence of a 
proper pseudo-spin degree of freedom, which is odd under TR operation, 
and enables emulation of a weak 3D topological phase for light. 
Introduction of bianisotropy into such a dual system is brought by proper 
reduction of the meta-atoms symmetry (in analog to the meta-atoms 
considered in Section 3.3), inducing an effective spin-orbital interaction, 
and giving rise to a topological transition accompanied by opening of a 
complete 3D photonic band-gap. A direct mapping of the 3D photonic 
topological insulator onto its condensed matter counterpart is also 
demonstrated analytically, see more details in [191]. Here, I show with the 
use of first-principles full-wave numerical calculations, that the two-
dimensional domain walls, defined by the reversal of bianisotropy across 
the 3D metacrystal, support surface states that exhibit Dirac-like conical 
dispersion. It was demonstrated numerically that the surface states 
supported by topological domain walls are robust and avoid backscattering 
and localization. 
 The topological photonic metacrystal introduced here is 
schematically shown in Figure 3.11(a). It represents a 3D hexagonal lattice 
of dielectric disks with the permittivity    embedded into a matrix of 
permittivity   . The dielectric disks (meta-atoms) and their 3D periodic 
arrangement are designed in a way that the photonic band structure exhibits 
two overlaid 3D Dirac points near the  - and   -points in the Brillouin 
zone, shown in Figure 3.11. The structure parameters were optimized such 
that there is a frequency range where only the two 3D Dirac cones exist, i.e. 
there are no any other modes for any Bloch vector within the 3D Brillouin 
zone that would belong to this frequency range. Each of the four observed 
Dirac bands originates from the electric and magnetic dipolar modes of the 
disks with their dipole moments aligned in the  -  plane, perpendicular to 
the axes of the disks, as shown in Figure 3.12(a). It is important that the 
very possibility to emulate a true 3D Dirac dispersion with the four linear 
bands overlaid in a pairwise manner – the characteristic of relativistic 
massless spin-½ fermions described by the Dirac equation – is enabled by 
the duality symmetry of the system. Electromagnetic duality is a natural 
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property of the electromagnetic field in free space which reflects symmetry 
of nature with respect to the electric and magnetic components of 
electromagnetic waves [81]. This symmetry, which is typically broken by 
uneven materials response to the electric and magnetic fields, is restored in 
proposed structure for the in-plane (  ) components by its careful design, 
and, therefore, is accidental and limited to a particular frequency range of 
interest. The presence of these two independent sets, the magnetic-dipole 
and electric-dipole degrees of freedom (essentially in-plane electric and 
magnetic p-orbitals), is ensured by the inversion symmetry in the z-
direction, as in the case of metacrystal Figure 3.11(a) [75], as the electric 
and magnetic modes have an opposite parity. Electric modes are even and 
magnetic modes are odd with respect to the            transformation. 
Any reduction of the    symmetry in this structure results in the coupling 
of the in-plane electric and magnetic orbitals and opening of a band gap in 
the place of former Dirac points. This magneto-electric coupling has an 
effect equivalent to the spin-orbital interaction in condensed matter 
systems.  
 As for any other symmetry protected topological phase, breaking the 
underlying symmetry eventually results in the removal of vital 
degeneracies in the band structure and collapse of the topological phase. 
For example, in topological crystalline insulators disorder will destroy the 
topological state, or improper surface cuts will gap the surface states. The 
same happens if the duality is violated in the system studied here. 
However, it is important to mention that the duality is provided by the 
design of the meta-atoms and stems largely from the local response. As a 
result, the symmetry protected topological phase reported here can be quite 
robust against lattice perturbations, one of the most common classes of 
disorder. Moreover, the current (details below) studies suggest that the 
violation of the duality leading to the removal of the degeneracy, which can 
be viewed as the mixing duality leading to the removal of the degeneracy, 
which can be viewed as the mixing of the pseudo-spins, is tolerated to 
some degree, as long as perturbation to the band structure because a 
mismatch between magnetic and electric dipolar modes does not exceed 
that produced by the bianisotropy. 
 The metacrystal with    symmetry broken by removing part of the 
dielectric disks is shown in Figure 3.11(b), right panel, with its band 
structure in Figure 3.11(d), which clearly reveals a full (omnidirectional)  
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Figure 3.12: Field profiles of the four bands corresponding to the overlaid 
3D Dirac cones and the two ways to induce bianisotropy. (a) Fields in the 
vicinity of the   point for the structure shown in Figure 3.11 before the 
perturbations – out-of-plane meta-atom reflection symmetry reduction and 
out-of-plane propagation (    ) – are introduced. The  -  cut is near the 
base of the disk. (b) Left: +/- notation for even (electric) and odd 
(magnetic) modes. Right: two ways to induce bianisotropy and mix electric 
and magnetic modes of the disks, either (1) by their geometric symmetry 
reduction (only the unshaded regions contribute to Eq. (3.6) or (2) through 
out-of-plane propagation with the resultant mixing of electric and magnetic 
field components (as in Eq. (3.7)).  
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3D bandgap. The modes of this gapped structure are no longer pure electric 
and magnetic, but represent mixed states with the phases between their 
electric and magnetic components being locked [75]. The dipolar electric 
and magnetic moments of these modes always appear to be tilted by 90 deg 
or -90 degrees with respect to each other, thus constituting two sets of 
eigenmodes    and   , where the superscript indicates up (   or down ( ) 
pseudo-spin value, both for lower and upper bands. 
 Starting with the trivial four-fold degeneracy at  -point the effective 
Hamiltonian was constructed. Two classes of perturbation were introduced: 
i) the dielectric perturbation induced by the removal of a circular segment 
of the disks, and ii) the perturbation induced by the change in the 
propagation direction (deviation from the   point). The effect of both of 
these perturbations was determined from numerically calculated 
unperturbed fields (i.e. for the symmetric disk at the   point) by using 
equations of degenerate perturbation theory (more details are available in 
[191]). This theory can be summarized by the following two equations, 
which allow calculating matrix elements of the 4x4 Hamiltonian (up to a 
normalization factor): 
 
       
              
     (3.6) 
         
       
          
   
 
   (3.7) 
 
where     describes the change in the Hamiltonian due to the perturbation 
of the dielectric constant by       , while        reflects the change due to 
the displacement of the Bloch vector from the   point,    and    are 
electric and magnetic fields of the (unperturbed) n-th eigenmode. Each of 
the four unperturbed eigenmodes corresponding to the two overlaid Dirac 
cones near the   (  ) can be labelled by its symmetry with respect to    as 
electric (even) or magnetic (odd) and lower or upper half of the cone, as 
shown in Figure 3.12. These modes constitute the four-component basis 
wavefunctions      
          
       
   
       
   
         where amplitude 
       is the linear dipolar polarization of the electric (magnetic) mode. 
Then, the matrix obtained with the use of Eqs. (3.6),(3.7) can be 
transformed i) in the angular momentum (dipolar) subspace with the use of 
unitary operator                                     
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              , which brings the modes to the basis of circularly 
polarized states, where   parametrizes the cut of the Dirac cone at a 
constant frequency [98] and then ii) in the pseudo-spin subspace 
(constituted by the electric and magnetic degrees of freedom)    
          , which brings it to the basis of spin-up and spin-down modes 
[75]. These two transformations allow us to construct the effective Dirac-
like Hamiltonian in the form: 
 
                                                  (3.8) 
 
where     and     are Pauli matrices operating in the subspaces of 
polarization (pseudo-spin) and orbital momentum (dipole/p-orbital 
orientation), respectively,   is the effective mass term induced by the 
bianisotropy,    is the frequency of the Dirac bands at  -point, and        
is the in-plane (out-of-plane) Dirac velocity. The Hamiltonian Eq. (3.8) 
describes the 3D Dirac conical dispersion with the mass term inducing a 
band gap opening and leading to the appearance of the surface state at the 
domain walls. Note that the Hamiltonian (3.8) also provides a local 
description near the   -point with the sign of the mass term reversed 
     . 
 Interestingly, the structure of the Hamiltonian can also be understood 
from the field profiles of the modes shown in Figure 3.12(a). Specifically, 
two mechanisms of bianisotropies induced by breaking    symmetry were 
considered. More explicitly, it can be either i) due to the change in the 
disks geometry or ii) caused by an out-of-plane propagation (    ). 
Thus, the first mechanism of the symmetry reduction leads to the mass term 
in Eq. (3.8). It represents a conventional (geometrical) bianisotropy, i.e., 
coupling between electric (even) and magnetic (odd) modes, and, as it 
follows from Eq. (3.8), can be understood as the result of mixing of the 
same components of the electric fields of the two sub-bands in Figure 
3.12(b).  
 The perturbative approach also allows one to consider the second 
mechanism of bianisotropy due to the finite values of        (the third 
term in Eq. (3.8)), which is essential for 3D Dirac dispersion in the 
proposed system. In this case, as follows from Eq. (3.6), the gap opening is 
the result of hybridization between even and odd modes via mixing of 
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electric and magnetic field components phase-shifted with respect to each 
other by    , as illustrated in Figure 3.12(b). While the same Eq.(3.6) 
yields the second term in the Hamiltonian (3.8), describing the gap opening 
for a finite in-plane propagation        (for symmetric disks and 
     ), the mixing of odd and even modes does not occur for this case 
and the gap opens solely due to the mixing of the electric and magnetic 
field components of the same mode, leading to the well-known in-plane 
Dirac-like spatial dispersion. 
 
 
Figure 3.13: Topological surface states of two-dimensional domain wall in 
3D all-dielectric metacrystal. (a) The schematics of the vertical domain 
wall formed by the reversal of the mass term induced by bianisotropy in the 
middle of the metacrystal. (b) Projected Brillouin zone of the metacrystal 
corresponding to the vertical domain wall. (c) Band diagrams of 
topological surface states supported by the domain wall in a with two-
dimensional cut-planes  -    and  -   shown in the left and right panels, 
respectively. (d) The conical Dirac-like dispersion of the surface states. (e) 
The isofrequency contour on the Dirac cone illustrating the property of 
spin-locking. The polarization configurations of electric and magnetic field 
components are illustrated by red and blue arrows both schematically and 
from numerical results given by the fields inside the cross-sections of the 
dielectric disks. The phase shift between electric and magnetic dipolar 
components    varies from 0 to    along the contour. (f) The field 
profiles illustrating the localization of the surface states to the domain wall 
for different locations of the wavevector on the cone. 
 
96 Bianisotropic metasurfaces and metamaterials 
 
 
 The effective photonic Hamiltonian Eq. (3.8) is equivalent to a 
family of condensed matter Hamiltonians locally describing 3D topological 
insulators [192]. Therefore, the system under study represents a photonic 
equivalent of an electronic 3D topological insuator with the bi-anisotropy 
playing the role of the effective spin-orbit interaction. Note that similar 
equivalency of photonic and electronic topological systems has been 
established earlier for 2D bianisotropic TR-symmetric metacrystals made 
of metallic split-ring resonators [75, 185] and a parallel-plate waveguides 
with an embedded array of metallic rods [98, 91]. Therefore, the proposed 
3D all-dielectric system shares its topological classification with these 2D 
structures, and it exhibits a weak topological phase emerging from stacking 
2D topological systems [57, 190]. 
 One of the most important consequences of topological phase is the 
emergence of gapless surface states, which may occur either on the external 
interfaces with a topologically trivial system or at the domain walls 
separating two topological systems of distinct classification. While in 
condensed matter one typically considers a natural boundary of a 
topological insulator with the topologically trivial vacuum, in 
electromagnetics, such an open boundary would necessarily lead to power 
leakage of the surface states, at least for a subset of the wavevectors lying 
above the light cone. However, even for modes lying below the light cone, 
any encounter of a defect (even a topology preserving defect) will result in 
scattering into free space. Another seemingly natural choice to interface a 
topological system is perfect electric conductor (PEC). While known to 
work in systems with TR-symmetry broken by magnetization, it is not 
always suitable for symmetry protected topological systems as it may break 
the symmetry underlying the topological phase, including the duality. 
Indeed, since PEC boundary condition has a different effect on the electric 
and magnetic components of the fields, it violates the duality, which results 
in a breakdown of the pseudo-spin degree of freedom and prevents the 
formation of the topological surface state at the interface. From the other 
side, a two-dimensional topological domain wall separating 3D structures 
with opposite signs of effective mass m, i.e. opposite bianisotropy, fulfils 
the requirements imposed by the symmetry protected topological phase of  
the proposed design: (i) it preserves the duality and the pseudo-spin degree 
of freedom and (ii) prevents leakage of the surface states due to the 
presence of a complete 3D band gap in both topological half-spaces. Such 
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2D domain walls should host topological surface states exhibiting linear 2D 
Dirac-like dispersion, with the Dirac cones that always appear in pairs at   
and    points projected onto the 2D surface of the corresponding cut of the 
crystal. 
 The analytical calculations within the effective Hamiltonian 
approach (more details are available in [191]) indeed predicts the presence 
of gapless surface states confined to the domain walls. Unlike 2D Dirac 
systems such as graphene and quantum spin Hall effect [193, 194, 68, 75], 
which are described by two-component wavefunctions, and hosting edge 
states with linear 1D bands, the 3D system under study is locally (near the 
  and    points) described by the four-component wavefunction, thus even 
closer emulating relativistic Dirac equation, and exhibits 2D surface state 
with conical bands. In this context, the surface modes can be viewed as the 
well-known Jackiw-Rebbi states, which exist on the boundary between two 
half-spaces hosting relativistic quantum particles of opposite mass [81]. 
Thus, the system in hand can also be viewed as a classical emulator of 3D 
relativistic Dirac fermions. 
 I performed a set of large scale full-vector numerical simulations 
with the use of finite element method solver COMSOL Multiphysics®. 
First, the vertical topological domain wall in the middle of a supercell of 24 
meta-atoms with the periodic boundary conditions imposed in all three 
directions is considered. The domain wall represents an interface between 
two topological crystals whose meta-atoms have their narrow section 
facing opposite directions along the z-axis, which results in the reversal of 
bianisotropy across the wall. The schematic view of the structure with such 
a vertical domain wall and the 3D Brillouin zone projected onto the 
corresponding rectangular 2D cut are shown in Figure 3.13 (a) and (b), 
respectively. The band structure for this case is presented in Figure 
3.13(c,d), where the two panels in Figure 3.13(c) show two different cuts of 
the two-dimensional band structure           along high symmetry 
directions in the projected rectangular 2D Brillouin zone and reveal two 
pairs of surface states. The surface states appear within the band gap region 
and cross it such that they interconnect lower and upper bulk bands. The 
3D band diagram shown in Figure 3.13(d) exposes one of the Dirac cones 
corresponding to the surface states near projected  -point of the 3D 
Brillouin zone (an identical cone at    is not shown). The confinement of 
the surface states to the domain wall is confirmed by their field profiles for  
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 all directions within the plane of the domain wall. As an illustration, the 
corresponding electric field densities are plotted in Figure 3.13(f), right  
panel, for several points on one of the isofrequency contours shown in 
Figure 3.13(e).  
 
 
Figure 3.14: Robustness of the topological phase and of the edge states to 
violation of the duality symmetry/detuning in the Dirac cones. (a) Bulk 
photonic band structure of one unit cell without bianisotropy. (b) Photonics 
band structure with bianisotropy and the topological band gap shown by 
green shaded region. (c,d) Band structure for in-plane and out of plane (cut 
through the Dirac cone) directions, respectively, calculated for the supercell 
of 24 unit cells and revealing the presence of gapless edge states with 
duality violated. The spectral detuning due to duality violation is 25MHz 
and the gap open by the bianisotropy at the Dirac cone is 40MHz. 
 
3.4. Three-dimensional all-dielectric photonic topological insulator  99 
 
 
 At this point it is important to emphasize the difference between the 
discovered surface states and conventional surface waves of photonic 
crystals, which may also exhibit a Dirac-like dispersion. The latter typically 
happens for any 3D crystal when the interface possesses a hexagonal 
symmetry. In this case the surface states with Dirac-like dispersion emerge 
at   and    points, a direct consequence of the lattice symmetry. However, 
the surface states reported here appear on the vertical cut, whose 
rectangular symmetry alone may not result in the emergence of the surface 
states with conical dispersion. Indeed, the Dirac cones emerge at projected 
K points of the 3D lattice, which do not represent high symmetry points of 
the projected 2D rectangular Brillouin zone. This is another confirmation of 
the fact that the surface states on the vertical domain walls are ensured by 
the duality and bianisotropy, and, therefore, are topological in their nature. 
 As in the case of 3D electronic topological insulators, the surface 
states in the proposed system also exhibit a property of spin-locking which 
endows the system with topological robustness. Numerically calculated 
field profiles (Figure 3.13(e)) show that the pseudo-spin configuration is 
uniquely defined by the direction of the surface mode wavevector k 
(analytical results available in [191]). This property of spin-locking of the 
pseudo-spin degree of freedom to the propagation direction of the surface 
states is the most important property that is responsible for robustness of 
the surface states. Spin-locking can be directly seen if one calculates the 
expectation value of the spin onto the coordinate plane ( - ) of the domain 
wall for the effective Hamiltonian (3.8). This leads to the expression 
   
    
 
    
     
    
   
   
     
   
  , which shows that for all values of    the 
eigenstates have their spin rotated with respect to their propagation 
direction as schematically shown by coloured arrows in Figure 3.13(e). The 
full-wave numerical results also allow explaining the property of spin 
locking in terms of the electric and magnetic fields of the surface states. To 
this aim it is instructive to use the unique correspondence between the spin 
and the orbital momentum of the surface states that occurs due to the spin-
orbit coupling induced by the bianisotropy. It has been previously 
demonstrated in 2D [98] that the electric and magnetic dipolar components 
of the edge state appear to be circularly polarized and are in phase and out 
of phase with respect to each other for the opposite spins and propagation 
directions, revealing the spin-locked character of the mode. This property  
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 can be generalized to the 3D case where now the phase between the two 
electric and magnetic dipoles varies continuously along the isofrequency 
contour from 0 to   , and, at the same time, the polarization of the electric  
dipolar components varies from circular left to linear to circular right, as 
indicated in Figure 3.13(e). This figure shows the polarization state of the 
electric and magnetic modes and the relative phases between them, as well 
as with the instantaneous orientation of the corresponding field components 
inside the dielectric cylinders, as shown by red and blue arrows, 
respectively.  
 Also, the current studies suggest that the violation of the duality 
leading to the removal of the degeneracy, which can be viewed as the 
mixing of the pseudo-spins, can be tolerated to some degree, which has 
also been studied before in the case of 2D systems (the  -term in Eq.(4) in 
Ref. [98]). Interestingly, that in solid state physics similar behaviour may 
occur and, for instance, it is well-known that the Z2 phase can survive 
perturbations that do not conserve spin (e.g. the Rashba term as in [60], and 
which is also a general situation in 3D topological insulators [189]). To 
 
 
Figure 3.15: Effect of disorder on topological surface states. The disorder 
in duality achieved through random distribution of the diameter of the 
dielectric cylinders. The disorder is increasing progressively from left to 
right as indicated by the captions to the subplots. (a) and (b) show in-plane 
and out-of-plane (cut through the Dirac cone) supercell band diagrams, 
respectively. 
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confirm such robustness of the proposed all-dielectric photonic metacrystal 
a set of large scale full-wave simulation with the duality symmetry violated 
by the suboptimal design of the meta-atoms and the degeneracy between 
the Dirac cones removed was performed. It was observed that the surface 
states maintain their gapless character as long as the spectral detuning 
between the Dirac cones remains smaller than the topological gap open by 
the bianisotropy (the synthetic gauge field). Example of some of the most 
extreme case with the highly detuned Dirac cones is shown in Figure 3.14, 
where the gapless character of the edge states is clearly maintained. This 
case demonstrates the robustness of the proposed structure even to the 
perturbations in the meta-atoms design and geometry.  
 In addition to the robustness against uniform violation of the duality 
a set of large scale simulations with randomized distribution of such 
symmetry reduction introduced over the entire supercell were performed. 
As can be seen from Figure 3.15, I found that, while the bulk band gap 
narrows expectedly, the surface states maintain their gapless character even 
for the magnitudes of dispersion in the diameters of the dielectric disks as 
large as 5%. In fact, the only modification to the surface band diagram is 
the slightly different dispersion of the surface states localized to the two 
opposite domain walls (shown by red and blue lines in Figure 3.15) of the 
supercell which perceive different dielectric environments. 
 The edge and surface states of topological systems are of significant 
interest due to their unique property of topological robustness that 
manifests as a reflectionless propagation and insensitivity to defects and 
disorder that do not violate the symmetry underlying a particular symmetry 
protected topological state. The surface states of the 3D all-dielectric 
system in hand exhibit a similar property. To this end, I performed the first-
principles numerical studies of the surface states propagating along a 
curved topological domain-wall with two sharp bends, as shown in the top 
left panel of Figure 3.16. In contrast to the edge modes confined to 1D 
interfaces of 2D topological systems, the 2D surface states of the proposed 
3D metacrystal can propagate in two dimensions. This allows testing their 
robustness for multiple values of the out-of-plane wave number   , which 
is equivalent to sweeping the wavevector along the circular isofrequency 
contour in Figure 3.13(e). The results of the numerical simulations for the 
vertical cut of the domain wall are shown in Figure 3.16, and clearly 
demonstrate that the field intensity remains uniform as it propagates along  
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 the domain wall regardless of the bends. Thus, the wave avoids back-
reflection from the sharp bends which, in particular, circumvents formation 
of the standing-wave interference patterns that would necessarily occur in 
the straight linear segments of any conventional non-topological waveguide  
 [98, 195, 91]. In 2D photonic systems this robustness of the edge modes 
has been attributed to the property of locking of the pseudo-spin, a specific 
polarization configuration of the wave, to its propagation direction [75, 91, 
98]. The same holds true for the 3D system studied here with the exception 
that the pseudo-spin of the mode changes continuously as the wavevector 
sweeps around the Dirac cone (Figure 3.13 (e)). However, it is worth 
noting that by making a set of turns the wavevector within the domain wall 
plane it can always make a 180 degree rotation which will be accompanied 
by a spin flip due to spin-locking property. In this respect, 3D TIs (either be 
photonic or electronic) can be viewed as not robust as their 2D cousins. 
Nonetheless, the surface states still exhibit robustness simply because the 
 
 
Figure 3.16: Topological robustness of surface states propagating along a 
sharply curved 2D domain wall formed in the middle of the all-dielectric 
3D topological insulator. (a) The shape of the domain wall: the red and 
orange circles indicate “up” and “down” orientations of the meta-atoms, 
respectively. (b-f) The field distribution of the surface modes propagating 
without reflection across the domain wall with the sequence of sharp bends 
as in (a). The different subplots correspond to different values of the out-of-
plane wavevector component   .  
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likelihood of the disorder to produce a consequence of scattering events 
that would result in an exact turn of the wave is small. 
 While in the design meta-atoms with high dielectric permittivity 
      embedded into the matrix with      was used. The only purpose 
of high dielectric contrast was to allow strong localization of the surface 
modes, which reduces the size of the geometrical domain used in numerical 
modelling. Nonetheless, in the microwave frequency range materials with 
high permittivity and low loss are easy to find. For example, the dielectric 
constant for water is     , for ceramic MgO-CaO-TiO2 it ranges from 
     to      , and for ceramic TiO2-ZrO2 lies within the range 
      , depending on the composition. Any type of plastics can be 
involved in order to realize the matrix, for example polyethylene, to host 
the disks. In the optical domain, the realization of the structure is more 
challenging, but still possible with the use of high-index materials, 
Ge2Sb2Te5   30 [196] and tellurium (Te)   23 in infrared [197], and 
silicon (Si)      and germanium (Ge)      in near-infrared, which can 
be patterned by 3D nanofabrication techniques such as NanoScribe®. Also, 
I have found that to implement a practical design for optical domain the 
lack of a very high permittivity can be compensated by reduction of the 
matrix permittivity. Although the surface states tend to be less localized to 
the domain walls due to the reduction in the width of the topological 
bandgap, they remain to be well defined.  
 
 
3.5. Summary 
In this Chapter, I have presented different topologically nontrivial 
bianisotropic structures. The photonic topological metasurfaces have been 
experimentally implemented using metallic and all-dielectric materials and 
tested in the microwave frequency range. Despite the open nature of the 
systems, I found that the system maintains its bulk topological 
characteristics. Topological robustness of electromagnetic helical edge-
states in open systems demonstrated here for the first time can be of 
significant interest both from fundamental and applied perspectives. First, it 
confirms the possibility to emulate exotic quantum states of solids in open 
metasurface structures, thus allowing direct near-field mapping of the local 
amplitudes and phases of topological waves. This enables the study of their 
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topological characteristic and peculiarities in the real coordinate space as 
well as in the reciprocal space by performing Furrier transformation of the 
measured field maps. Second, the possibility to guide electromagnetic 
energy around arbitrarily shaped pathways avoiding undesirable back-
reflection from sharp bends and without leakage into the radiative 
continuum brings the versatility of control of the electromagnetic energy 
flows.  
 While the metallic system (Section 3.2) has shown fascinating 
properties, its functionality cannot be extended into IR and visible domains. 
To address this point, I proposed an all-dielectric metasurface platform 
(Section 3.3) which opens a new avenue for advanced photonic 
technologies across the entire electromagnetic spectrum, and it brings 
topological photonics closer to practical use. In particular, the use of 
dielectric materials and the small footprint of the proposed design makes it 
compatible with existing semiconductor devices, which envisions the 
integration of photonic and electronic components on the same substrate. 
 Finally, in Section 3.4, I have numerically demonstrated the first 
implementation of a weak 3D photonic topological insulator. The proposed 
an all-dielectric metacrystal design which represents a classical toy model 
emulating relativistic fermions that offer unique opportunities to study the 
fundamental physics in predictable and highly controllable manner. Such 
handmade table-top all-dielectric photonic structures can be precisely 
engineered to exhibit fascinating physical phenomena which so far evaded 
observation. In particular, the observation of the predicted surface states 
would provide the first experimental evidence of the existence of exotic 
Jackiw-Rebbi excitations. Besides these fundamental aspects, the 
topological robustness of the surface states enables reflectionless routing of 
electromagnetic radiation along arbitrarily shaped pathways in three 
dimensions, which makes such modes promising for applications in 
photonics. The proposed concept envisions implementation of 
topologically robust three-dimensional photonic circuitry in the entire 
electromagnetic spectrum from microwave frequencies to optical domain. 
 
The results presented in this Chapter have been published in: 
1. A. P. Slobozhanyuk et al., "Experimental demonstration of topological 
effects in bianisotropic metamaterials", Scientific Reports 6, 22270 (2016). 
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2. A. P. Slobozhanyuk et al., "Near-field imaging of spin-locked edge states 
in an all-dielectric topological metasurface," under review (Nature 
Materials) arXiv:1705.07841v1. 
3. A. P. Slobozhanyuk et al., "Three-Dimensional All-Dielectric Photonic 
Topological Insulator", Nature Photonics 11, 130–136 (2017).  
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Chapter 4  
 
______________________________________________________________________________ 
Metasurfaces for Magnetic resonance imaging (MRI) 
______________________________________________________________________________  
 
4.1. Introduction 
Magnetic resonance imaging (MRI) is the cornerstone diagnostics 
technique for medicine, biology, and neuroscience [198]. This imaging 
method is innovative, noninvasive and its impact continues to grow [199]. 
It can be used for measuring changes in a brain after enhanced neural 
activity [107], detecting early cancerous cells in tissue [200],
 
as well as for 
imaging nanoscale biological structures [201] and it can be beneficial for 
cardiovascular imaging [202]. It is well known that the strength of a signal 
delivered by conventional MRI devices depends on the static magnetic 
field    of the imaging system [105]. Over the last two decades, low-field 
MRI machines operating at        T have been used widely as key 
clinical tools. Recently, newly constructed high-field systems      T are 
being successfully exploited in hospitals [203], and there is a growing 
demand for ultra-high-field MRI machines (7 T or more) [204]. 
 A drive for high-field magnets is fuelled by the benefits of higher 
signal-to-noise ratio (SNR) and better image resolution [205]. Still, to 
improve the overall image quality one has to overcome the increasing static 
and radiofrequency (RF) magnetic field inhomogeneities that lead to the 
susceptibility artifacts and contrast variations [206]. Further, the most 
important problem at high static fields      T is a potential harm to a 
human body [207]. In particular, a possibility for tissue heating negligible 
at magnetic fields around 1.5 Tesla becomes substantial at higher fields due 
to an increase of the RF energy absorption [207]. Also, exposure to 
magnetic fields above 2 T can produce effects like vertigo and nausea. 
Therefore the examinations above 3 T are conducted under especially 
careful medical supervision. Moreover, there exists quite a number of  
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 implants and medical devices that can be safe for low fields (1.5 T) and 
become unsafe at 3 T systems [210]. Therefore, the problem of enhancing  
 the image quality without increasing the static magnetic field is very 
relevant to the MRI technology. 
 Up to now, many different approaches have been proposed in order 
to enhance the MRI characteristics, while keeping the static field 
unchanged. The first way is the coil optimization. The progress in the RF 
coil technology over the last decades has already made an essential 
contribution on the MR scanner design [112]. Comprehensive work has 
shown that it is possible to reduce scanning time with the help of parallel 
imaging methods [114, 115], that a substantial improvement in the SNR is 
available through multi-channel coils [113], that double-spiral phased-array 
enables 2D accelerated MR studies of double-oblique volumes in good 
image quality [211] and that larger area can be examined using traveling-
 
 
Figure 4.1: New devices based on high-permittivity dielectric materials for 
MRI. (a) Human head with the helmet made of dielectric material [208]. 
(b) Images acquired at 3 T without (left) and with (right) the dielectric 
helmet [208]. (c) A photograph of a prototype water-based coil designed 
for wrist imaging at 7 T [209]. (d) Electromagnetic simulation showing the 
magnetic field (arrows) within an annulus made of dielectric material, with 
appropriate height required for the structure to resonate at the same 
frequency as the solid cylinder (without the hole) [209]. (e) A high-
resolution image of the wrist acquired from a volunteer with the dielectric 
coil [209]. 
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wave technique [212]. The second approach is based on the idea to employ 
special contrast agents [103] locally enhancing the magnetic field, such as 
rare-earth magnetic atoms [213] and magnetic nanoparticles [214]. The 
third approach relies on a completely novel technology of using high 
dielectric materials in MRI [208, 215, 116, 209, 216, 217]. This can be 
done in several ways: by using high-permittivity pads (Figure 4.1 (a)) in 
order to improve the RF field homogeneity and to reduce the specific 
absorption rate (SAR) [208]; by using dielectric resonators, e.g. the 
cylindrical resonator when it is used as a coil with a hole in the center for 
an object (Figure 4.1(c)) to increase the RF magnetic field and the SNR 
locally [209, 216]. This is a new trend which can substantially improve 
high field MRI characteristics [217].
 
 The MRI efficiency can be further increased by using metamaterials. 
Metamaterials demonstrate many fascinating fundamental properties, and 
they are very promising for engineering the properties of electromagnetic 
devices and for tailoring the electromagnetic field-matter interactions. MRI 
is a very important field for applications of metamaterials. As was 
mentioned in Section 1.3 several existing implementations of metamaterials 
in MRI have been already proposed, such as Swiss-roll arrays [110], split-
ring arrays with negative magnetic permeability [118], magnetoinductive 
waveguides [119], and endoscopes from arrays of metallic wires [111, 
120]. It is important to note that many of these implementations are based 
on three-dimensional structures that have relatively large physical 
dimensions with respect to the available space within an MRI scanner. This 
is particularly problematic since the RF coil arrays used to receive the MRI 
signal are typically placed as close to the body as possible, since its 
sensitivity increases with proximity to the target [112]. Therefore the full 
potential of the metamaterials for MRI technique is far from being 
uncovered.  
 In the following Sections 4.2 and 4.3, I demonstrate how the 
scanning efficiency of 1.5 T and 7 T MRI machines can be improved when 
the metasurface structures are placed inside the scanner. Such metasurfaces 
present a substantial step towards the improvement of different MRI, 
without increasing the static magnetic field   . 
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4.2. Enhancement of MRI with Metasurfaces 
 In almost all magnetic resonance experiments the equipment used to 
detect the very small signals (RF coil) consists of simple structures made of 
copper conductors However, one area that is only beginning to be explored 
is the use of new materials in MRI that can boost the sensitivity. The field 
of materials research has produced many new types of material in the past 
twenty years, and this gives an enormous opportunity to investigate how 
MR detection can be improved by using and designing new materials. 
These new materials can substantially enhance the sensitivity of standard 
RF coils through spatial redistribution and resonant enhancement of 
electromagnetic near field. Due to the very limited space within the MRI 
machine, these structures should be ultra thin, and therefore the 
metasurfaces are excellent candidates. 
 I propose a metasurface, based on the resonant array of 14 x 2 
metallic wires, that is inserted into the water based holder (Figure 4.2). The 
metasurface was made from nonmagnetic brass wires. Wire length L, 
radius r and lattice period a are equal to 25.5 cm, 0.1 cm and 1 cm, 
respectively. The wires were supported by a double-layer plastic film, 
fillable by water. The period of the structure was optimized to achieve a 
homogeneous magnetic field enhancement in the region of interest. The 
number of layers was chosen to reach the highest magnetic field 
enhancement, while keeping the thickness of the structure as thin as  
 
 
Figure 4.2: Artist's view of a biological object placed on a metasurface 
resonator. The shaded rectangular region marks the region of interest. 
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possible. The studied biological sample (ex vivo fish) has been placed on 
the metasurface structure, embedded inside the water phantom, see the 
inset of Figure 4.3(a), and placed in a 1.5 T MR scanner, that has operating 
frequency 63.8 MHz. The birdcage coil, which resides in the bore of the 
scanner, has been used as a transmitting antenna. The radio frequency 
signal has been received by a 16 channel Torso XL receive array. The fish 
was located inside the water phantom on the thin plastic holder (Figure 
4.3(b)). The phantom was surrounded by the receive antenna in such a way 
that the fish was approximately in the center of the receive antenna 
sensitivity area. For the measurement with metamaterial the fish was placed 
on the top of another holder, where the top part was replaced by the 
metasurface (Figure 4.3(c)). The dimension of plastic holder and 
metamaterial holder were approximately the same      cm and   
     cm. The phantom dimensions were      cm,      cm and the 
length was equal to 26 cm. The distance between the fish and the receive 
array was preserved in both experiments by precise control of fish location. 
Initially, by the direct measurements of the    map it was determined that 
there is no influence of the metasurface on the main static magnetic field of  
 
 
Figure 4.3: (a) A photo of the experimental setup placed into a MRI 
scanner. The inset illustrates schematically a metasurface embedded in the 
phantom and a sample. (b,c) Schematic demonstration of the two 
experiments, without the metamaterial (b) and with it (c). The distances 
between the fish, phantom boundaries and receive antenna were 
approximately the same in both measurements. 
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MRI. The scans shown in Figure 4.4 were obtained using a standard spin-
echo sequence, with the following parameters: field of view was 300 mm 
by 300 mm, flip angle was    , the echo time (TE) was 20 ms, for long 
time scans (Figure 4.4(a,c)) the repetition time (TR) was 1240 ms and for 
short scan time (Figure 4.4(b,d)) the TR was 480 ms.  
 Figure 4.4(a,b) present the images obtained without the metasurface 
structure for the long scanning time of 1020 s (a) and for the short time of 
120 s(b). The SNR ratio is clearly increased for longer scanning time due to 
theaccumulation of the signal. Panels (c) and (d) present the scans obtained 
for the fish placed on the metasurface for the long 1020 s and short 120 s 
scanning time correspondingly. The amount of received valuable signal has 
substantially increased with the metamaterial (cf. Figure 4.4(a,b) and 
Figure 4.4(c,d)). Moreover the amount of received signal for the short time 
with metasurface is comparable with that for longer time without the 
metamaterial (cf. Figure 4.4(a) and Figure 4.4(c)). Hence, Figure 4.4 
indicates, that it is possible to achieve higher signal and better image 
quality at lower scan time. Due to the fact that MRI image quality is 
evaluated by SNR, more detailed experiments and quantitative numerical 
simulations were performed.  
 
 
Figure 4.4: (a,b) MRI images scanned without a metasurface for 1020 s 
and 120 s, respectively. (c,d) MRI images scanned with the metasurface for 
1020 s and 120 s, respectively. 
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 I have made experimental measurements of the SNR in the region of 
interest (see the black plane of Figure 4.2) under the metasurface. For SNR 
measurements we obtained separate data for signal and noise. The 
measurement sequence was carried out twice: the first time with the RF 
pulses and therefore acquiring signals and noise and the second time 
without any RF pulses and therefore acquiring only noise. The signal was  
 defined as the mean pixel intensity value in a region of interest, while the 
noise was defined as the standard deviation in this region in the noise 
image. For this measurement we used gradient-echo sequence (GRE), the 
flip angle was    , the TR was 50 ms and TE was 3.7 ms. After an addition 
of the metamaterial, the RF power levels that previously generated     
excitation pulses in the region of interest created a much larger angle due to 
enhancement of the RF field. In order to avoid over-tipping with 
metasurface present, the power level of the excitation pulses were re-
optimized (reduced). Based on results of the separate scans of signal and 
noise in two configurations the ratio               was determined, 
where      corresponds to the ratio with the metasurface inside the 
phantom and      corresponds to the ratio for the empty phantom (Figure 
4.5(e,f)). The increase of the SNR by more than a factor of two effectively 
corresponds using an  MR system with a two times higher static magnetic 
field. Here, it is possible to improve MRI characteristics just putting the 
sample on the metasurface, without using the high field scanners. 
 The enhancement of the signal with addition of metamaterial is due 
to the resonant coupling to electromagnetic modes of the metasurface. The 
length of each wire is tuned in order to match the half a wavelength at the 
operating frequency of 1.5 T MRI machine. By taking into account      
(the dielectric constant of the background media) the length of each wire 
       cm was obtained, which corresponds to the first eigenstate (or 
Fabry-Pérot regime). For the first Fabry-Pérot mode the highest magnetic 
field is localized in the middle part of the surface and the electric field is 
localized near the edges of the wires [218, 219, 220]. Hence, the observed 
effect can be explained by the RF magnetic field enhancement on the wire 
metasurface. In particular, the SNR ratio is determined as a ratio of the RF 
magnetic field   
  in the scanned region (a signal) to the square root of the 
absorbed power (a noise) [105]. The resonance mode of the metasurface 
leads not only to the overall enhancement of both   
  field and noise in the 
phantom, but it pins also the magnetic field to the scanned region  
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suppressing the electric field and, hence, the absorbed power in this region. 
Such a relative redistribution of the spatial fields leads to a growth of SNR. 
If the addition of metamaterial enhances the field but leaves its shape 
unchanged, the enhancement of the signal would be proportional to the 
enhancement of the noise and the SNR would not be changed. However, 
due to the near-field manipulation with the metasurface, the field 
distribution changes and the SNR grows. In particular, an increase of the 
coil sensitivity in the area of the fish implies that randomly fluctuating 
currents in the sample far from the metasurface produce little noise in the 
receiver coil [221]. Since noise scales with the square root of the receiving 
coil resistance, the coil impedance can be used to determine a change of the 
noise level with metamaterial [105]. From electromagnetic simulations, we 
 
 
Figure 4.5: (a) Schematic illustration of the geometry in the numerical 
simulation. (b,e) Numerically calculated and measured SNR in the presence 
of metamaterial. (c,f) SNR for empty phantom. The black dashed rectangle 
corresponds to the safe – “fish” – zone. (d) The ratio between SNR with 
metamaterial and without it along the white line in the panels (b) and (c). 
The green lines indicate boundaries of the metasurface. (g) Numerically 
calculated (red line) and experimentally measured (blue symbols) ratio 
between SNR with metamaterial and without it along the x direction. 
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obtain that the metasurface increases the noise only in 2 times, less than the 
increase of a signal. Therefore the SNR is increased. For the receive coil 
used, the impedance could not be measured directly due to the presence of 
preamps in the receiving circuit. 
 During the RF excitation stage by the birdcage coil, the metamaterial 
significantly enhances the field   
 , that provides over-tipping (the  
phenomenon when   
        and       
      ) in the region of 
interest. Therefore, the input RF power level can be reduced in order to 
obtain the necessary   
  value in the region of interest and to decrease 
tissue heating. Figure 4.5 shows the simulation and experimental results of 
the SNR calculation. According to the reciprocity principle, the signal 
received by the coil is proportional to the   
  magnetic field produced by 
this detector when it is driven by unit current, while the noise can be 
determined as the real part of the input impedance seen from the input 
terminals of the coil. For numerical calculation, which was performed in 
CST Microwave Studio, one receiving coil, with the following parameters: 
diameter of the coil       mm and diameter of the copper wire = 2 mm 
(Figure 4.5(a)), was included. The phantom filled with water was located at 
80 mm distance from the coil surface. The metasurface was inserted in the 
center of the phantom in such a way that the distance between the surface 
of the resonator and the coil was       mm, that is approximately the 
same as the distance between the receiver and the metasurface in the 
experiment. Figure 4.5(b,c,d) show the numerically calculated maps of 
SNR for the system with metamaterial     , without      and the ratio 
between them. The SNR was calculated at the distance       mm from  
 the surface of the coil. With the addition of the metasurface, a nearly three 
times enhancement of SNR is clearly seen over the entire area of the 
metamaterial. In order to avoid potential harm to the object, we have 
estimated the safe – “fish” – region, indicated by the dashed black rectangle 
in Figure 4.5(b,c,e,f). The measured value of the SNR enhancement is 
              which is slightly smaller than the simulated one. This 
can be explained by the small deviations of the wire length and imprecise 
value of the phantom complex permittivity. Also, it should be mentioned 
that for the purpose of qualitative understanding, the numerical simulation 
was limited to one receiving loop, while in measurements an array of coils 
was used. The SNR enhancement effect is observed up to 7 cm of the scan 
depth from the surface (Figure 4.5(g)). The enhancement depth and  
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homogeneity could be further optimized by bending the metasurface 
around an object, using different eigenmode (discussed below) and the 
period of structure. Another optimization can be offered by changing the 
 
 
Figure 4.6: (a) Results of numerical simulation of the   
  field and SAR. 
The calculated   
  map with (a) and without (b) the metasurface for 150 W 
of applied power. (c) The   
  distributions along the white lines in the 
corresponding maps. The red and blue solid curves correspond to 150 W of 
applied power with and without metasurface and the red dashed curve 
shows the   
  field with addition of metasurface after the RF power level 
optimization. (d) The SAR (10g) map with metamaterial for optimized 
power level of 16.6 W. (e) The SAR (10g) map of empty phantom with the 
power level of 150 W. (f) The SAR (10g) distributions along the white 
lines in the corresponding maps. The red and blue solid curves correspond 
to the SAR values with and without metasurface. The black dashed 
rectangle (a), (b), (d), (e) corresponds to the safe –“fish” zone and the 
dashed black curves (c,f) the borders of this area. The blue shaded area in 
the panel (f) corresponds to the region where the SAR values with addition 
of metasurface are smaller than without it. Green lines (c,f) indicate 
boundaries of the metasurface. 
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substrate. For lossless media, the higher penetration into a human body is 
expected. 
 The safety aspects in MRI are mainly determined by the SAR that 
quantifies the absorption of electromagnetic energy and therefore the risk 
of tissue heating due to the application of the RF pulses, necessary to 
produce the MR signal. The SAR is proportional to the square of the 
induced electric field. The electric field on the surface of the metamaterial 
is concentrated at the edges of the wires and has an area of minimum 
values in the region of interest. Therefore, as soon as the object is placed on 
the resonator in a proper way the examination is safe and even safer than 
without resonator. The optimal region coincides with the region of interest 
(black rectangular plane in Figure 4.2) that is equal to     of the resonator 
length. Figure 4.6 shows the numerically calculated   
  (a-c) and SAR (d-f) 
values. In simulation a realistic model of a 1.5 Tesla birdcage coil, see inset  
in Figure 4.6(a), was used. The phantom has been placed in the center of 
the coil. The fish region is plotted as a red rectangle in the inset and as a 
black dotted rectangle in Figure 4.6(a,b,d,e). The level of the applied 
continuous power has been tuned in such a way, so that the field   
  in the 
center region of the phantom (without the metasurface) was equal to 13.5 
µT. Through the addition of the metamaterial, the   
  increased 
significantly, therefore the applied power level was decreases from 150 W 
to 16.6 W to avoid over-tipping. Figure 4.6(c) shows the   
  level in the 
region of interest before and after power optimization. The panels (d) - (e) 
depict the plotted SAR (10g) value in the present of the metamaterial (d) 
for power level 16.6 W and empty phantom (e) for power level 150 W. The 
Food and Drug Administration (FDA) specified that average SAR value 
not exceed 4 W/kg for a whole body over 15 minute scan. In Figure 4.6(f) 
the so-called safe – “fish” region (marked as red shaded area) was 
estimated. The SAR value for applied continuous power of 16.6 W in this 
region is smaller than 4 W/kg in the presence of the metasurface. This 
region is equal to    of the metamaterial length. Moreover, it should be 
mentioned that if the object is placed near the central part of the 
metasurface, the SAR values are even smaller than without the metasurface 
(this region is marked as blue shaded area in Figure 4.6(f)).This happens 
due to the specific resonant mode structure of the metamaterial with the 
region of minimum value of RF electric field. This region is equal to     
of the metasurface length and can be expanded by using longer wires and  
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Figure 4.7: (a) The spectral dependence of the magnetic field amplitude 
averaged along the transverse direction (shown by the white dashed curve 
in the panel (b)) at 10 mm distances from the wires. The numbers 
correspond to the mode number. The metasurface was excited by the plane 
wave (see the inset). The blue curve corresponds to the magnetic field 
amplitude when the metasurface is placed in the water substrate, while the 
red one corresponds to the substrate with three times higher imaginary part 
of the permittivity. (b) Map of the Hx component of the magnetic field  at 
10 mm distances from the wires for different modes. (c) The extension of 
the magnetic field amplitude out of the sample along the white dashed line 
shown on the inset. The insets correspond to the amplitude of the magnetic 
field in the xy plane for the first (upper) and the third (lower) modes. (d) 
The dependence of the magnetic field amplitude on the period of the 
structure at 10 mm distances from the wires for the first eigenmode. The 
value  was normalized on the enhancement coefficient near the structure 
with the period a=10 mm, which has been used in the experiment. 
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the dielectric host with a smaller permittivity value. Furthermore, if it is 
impossible to place the object only near the center of metamaterial, the 
metasurface can be bent substantially [222] in order to place the edges of 
wires further from the examined object, while keeping the effect of SNR 
enhancement in the region of interest. 
 Now we proceed to the detail study of the different eigenmodes of 
the metasurface and its impact on the magnetic field enhancement. Due to 
the placement of several identical wires on a scale much smaller than the 
wavelength, a giant coupling between all resonators occurs and therefore, 
the original resonance frequency splits into several bands, which 
corresponds to the different eigenstates of the metamaterial resonators 
[220]. The peculiarities of all these eigenstates is that the magnetic field is 
always localized in the central part of the metasurface, while the electric 
field is localized at the edges of the wires. This is the regime similar to the 
first Fabry-Pérot resonance, but taking into account that different modes 
have different penetration depth outside the resonator and therefore, there is 
some effective length of the cavity for different modes. By placing a larger 
number of the resonators, this length can be further modified due to the  
coupling. For MRI purposes all types of modes in close vicinity to the first 
resonance frequency of the single wire can be used, thanks to the 
concentration of the dangerous electric field near the wire edges. However, 
different modes have different penetration depths, quality factor and etc. 
Therefore, the exact mode of operation has to be chosen for  the purposes 
of the concrete scanning aim (for example scan of the wrist or the head).  
 The metasurface was placed in the water tank in such a way that the 
distances between edges of metal and the end boundaries of the box were 
100 mm. I have used plane wave excitation of the metasurface and have 
analyzed spectral dependence of the magnetic field amplitude averaged 
transversely to the wire’s direction at the distance of 10 mm from the 
surface (see white dashed line on the Figure 4.7(b)). Figure 4.7(a) shows 6 
maxima, which correspond to the 6 eigenstates of the metasurface. The 
mode orders were defined as N+1 there the N is the number of nodes of 
zero crossings of the magnetic field (Hx component) along the z-direction. 
For all modes that were excited there is the fixed mode number in the 
longitudinal y-direction (along the rods) which corresponds to 1 (due to the 
absence of the zero crossings of the magnetic field for the frequency range 
of the first resonance of the single wire). Moreover, the metasurface is too 
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thin and therefore, the transverse x-direction is not considered. Figure 
4.7(b) shows the maps of the magnetic field at the 10 mm distance from the 
metasurface. It can be clearly seen that the first 6 modes with the crossings 
of Hx component along the z-direction are exited. Similar results were also 
obtained for microwave metalens [220] and for ultrasmall optical cavities 
[223]. Note, that due to the fact that the metasurface enhances both 
orthogonal to the wire’s field components the absolute value of the 
magnetic field amplitude is quite uniform for all modes. For the proof of 
principle experiment the mode number 3 was chosen due to the fact that at 
this mode the field is strongly localized near the metasurface and weakly 
feels the background. Therefore, it is possible to use a small box of 
dielectric around the metasurface. Moreover, if the object will be small in 
the longitudinal direction it will not feel the electric field and therefore, 
does not change the resonance frequency of this mode, while the effect of 
the magnetic field enhancement (and therefore SNR increase) will be 
preserved. However, the drawback of this mode is that it is quickly decays 
from the metasurface and therefore, the spatial extension of the effect will 
be limited up to 5-10 cm (see blue line on the Figure 4.7(c)). So this  
approach will allow to scan thin objects or only locally enhanced areas (for 
example wrist, foot, eyes, ears, etc.). From the over side, the lowest 
frequency modes (first mode on the Figure 4.7(a)) can be also employed. 
This mode gives deeper SNR enhancement (see the red line on the Figure 
 
 
Figure 4.8: (a) Spectral dependence of the of the magnetic field amplitude 
in the plane of the fish. Red and blue curves present the simulated spectra 
and correspond to the two metamaterial structures with different wire 
length,      cm and        cm, respectively. (b) Experimental MRI 
scans and numerically calculated SNR maps for three cases: without 
metamaterial, with metasurface length        cm and      cm 
respectively. 
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4.7(c)), however, it strongly feels the surroundings and by changing the 
object under investigation (for example fat or thin patient) the resonance 
frequency of this mode will be changed. This is also not a problem due to 
the fact that the special tuning mechanism inspired by the concept of 
tunable metamaterials can be adopted for the purpose of real time tuning. 
 Eigenmodes of the metasurface have two essential features that 
makes them useful for the MRI: 1) its possesses high quality factor due to 
the high momentum and finite size that gives opportunity to enhance field 
amplitude; 2) the electromagnetic field is spatially redistributed and 
therefore, the SNR increases. Similar to the case of the metalens [224] the 
field enhancement near the metasurface will depend both on the number of 
wires and the period. Figure 4.7(d) shows an average magnetic field 
amplitude, dependent on the period of the structure. The strongest magnetic 
field enhancement can be seen for a closely packed metasurface in 
comparison with less densely packed, which is in full accordance with the  
 theoretical predictions made in Ref. [224]. Note, that by changing the 
period of the structure the penetration depth of the mode is also modified (it 
is reduced for a denser structure), but this can be distinguished only at 
relatively large distances, which is not important to us because the main 
interest is in the local field enhancement. It is important to stress that in the 
case of closely packed array the number of wires has to be increased in 
order to achieve effect in the desirable region of space. The later will 
drastically increases the Ohmic losses and partially contributes to the noise. 
Therefore, the geometry of the resonator has to be optimized for concrete 
application in order to achieve the highest possible field enhancement and 
minimal noise. For example, if the metasurface is very long it will mean 
that resistive noise will be picked up from the whole length of the body in 
all measurements which is not very sensible. Another important issue is 
that the intrinsic losses of the metamaterial have to be minimized. It can be 
seen from Figure 4.7(a) that when the metasurface is placed in the substrate 
with small losses (blue curve) all 6 modes are clearly distinguishable. 
However by increasing the losses in the substrate (red curve on the Figure 
4.7(a)) the amplitude of the modes decrease, the resonances becomes wider 
and mixing of the eigenmodes happens. Therefore, it is desirable to use 
high permittivity ceramic blocks with the smallest loss tangent as a 
substrate and wires with the highest conductivity for the design of the 
metasurface. 
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 To further confirm that the MRI enhancement of the SNR is 
mediated by the  eigenmodes of the metasurface, I have compared 
(experimentally and numerically) two prototypes with different wire 
lengths        cm and      cm. The red and blue curves in Figure 4.8 
correspond to the magnetic field amplitude averaged transversely to the 
wire’s direction at the distance of 10 mm from the surface for different wire 
lengths, L=25.5 cm (blue) and L=20 cm (red). The metasurface with longer 
wires has a number of eigenmodes which are spectrally located near the 
operational frequency of 1.5 T MRI. By placing the metasurface inside the 
MRI machine these modes exhibit a slight shift to the higher frequency 
range (due to the presence of the metal cylinder in the bore of the magnet) 
in such a way that a third eigenmode of the metasurface is tuned to the 
nuclear magnetic resonance at        MHz. This explains the observed 
enhancement of the MRI image, as shown in the middle column of Figure 
4.8(b). For shorter wires, the eigenmodes are detuned. The image quality 
measured for this structure is much weaker (see the right column in Figure 
4.8(b)) and very similar to the results of the scan of the fish without a 
metasurface (see the left column in Figure 4.8(b)). The subtle difference 
between the images without a metamaterial and with a short metasurface 
can be explained due to the minor presence of the lowest mode of the 
metasurface with shorter wires in this spectral range. The excitation of this 
mode leads to the redistribution of the electromagnetic field and a slight 
enhancement of the SNR (see the right bottom panel in Figure 4.8(b)). For 
even shorter wires this effect will be minimized further at the 1.5 T 
operational frequency and no difference between scans with short wires 
and without the metamaterial is observed. Therefore, the detuned 
metasurface does not influence the imaging process. Thus, Figure 4.8(b) 
conclusively demonstrates, that the experimentally observed MRI 
enhancement is due to the spectral matching between the certain 
eigenmode of the metasurface and the frequency of the nuclear magnetic 
resonance. 
 The metasurface resonator provides the possibility to homogeneously 
enhance and redistribute the RF field in such a way, that the magnetic field 
is located in the area of the object and the electric field is removed from the 
region of interest. Also, the enhancement principle differs qualitatively 
from the earlier demonstrated metamaterial designs, mainly used to 
transmit an RF signal from the MRI tube [111, 110], to improve RF  
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magnetic field homogeneity [120], as a matching device between a coil and 
a patient [118] or as an alternative way for decoupling of the RF coils [225, 
226]. Here, the metasurface enhances locally only the magnetic field in the 
scanned region while keeping the electric field and the SAR low. Although 
a metasurface made of split-ring resonators [118] could be employed 
potentially in the similar regime, it suffers from stronger electric field and 
more inhomogeneous magnetic field in the imaged area. Hence, the 
proposed structure is more advantageous for a number of reasons.  
 It is also instructive to discuss a qualitative difference between 
metasurfaces and currently used dielectric technologies in MRI. The 
dielectric pad technologies are non-resonant; therefore, we expect a smaller 
gain of the B1 field (and SNR) in comparison with the resonant 
metasurface. The second qualitative difference is that the dielectric pads 
enhance both the magnetic and electric field in the same region of the 
space, while the metasurface spatially redistributes the electromagnetic 
 
 
Figure 4.9: Comparison between electric and magnetic field distributions 
in two resonators: wire metamaterial (on the top) and dielectric resonator 
(on the bottom). Left row illustrates the high-permittivity and metamaterial 
resonators that have been used in numerical simulations. Top line shows 
the schematic cut planes. 
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field and enhances predominantly only the magnetic field in the region of 
the object and the electric field near the edges of the wires (far from the 
object), which minimizes local tissue heating. Both the metasurface and  
dielectrics are made from nonferromagnetic materials so there will be no 
torque in the general operational regime. However, there is some chance 
that the fast gradient switching can produce alternating torque of the 
metasurface in certain regimes or image artefacts due to eddy-current 
induction. If this is the case, it could be avoided for example by using thin 
dampened layers of conducting metal on non-conducting substrate rods 
thereby increasing the impedance in the kHz-regime. Similar technology is 
currently already being applied in RF shield for MRI scanners. The last 
qualitative difference is an ease of tunability of the metamaterial. It may be 
beneficial to “turn off” the enhancement of the fields that is produced by 
metamaterials for the duration of the excitation pulse, and to turn it back on 
for the detection cycle. To achieve this, it would be possible to implement 
tunable metamaterials [36, 35], whose properties change under the 
influence of external stimulus, e.g. use of lumped electronic components, 
such as MEMS switches or varactor diodes. In the case of dielectric 
resonators it is more challenging [209]. The main disadvantages of the 
proposed metasurface are problematic regions of high SAR near the edges 
of the wires and non homogeneous B1-field enhancement in the regions  
 close to the boarder of the resonator, while in the case of the properly 
optimized dielectric pads it enhances homogeneity.
 
 The dielectric resonators [209, 216] can also be compared to the 
proposed technology. With a view to underline the advantages of the 
metasurface resonator I have compared the proposed structure with the 
conventional high-permittivity resonator. The intrinsic property of the 
solutions to the Maxwell equations in the homogeneous medium is the 
coincidence between the antinodes of the magnetic field and the nodes of 
the electric one. Hence, it is impossible to maximize the RF magnetic field 
at the surface of the dielectric resonator while keeping the electric field 
away from the object under examination. A bulk rectangular dielectric 
resonator with parameters tuned to obtain the first eigenmode at the same 
frequency        MHz have been numerically studied. In order to excite 
the resonator a magnetic loop antenna was placed in the center near the 
surface (see bottom left corner of Figure 4.9). For qualitative comparison 
the number of layers in the metamaterial was increase, so that the bulk 
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dielectric resonator and the metamaterial resonator have approximately the 
same dimensions and are excited identically (see left corner of Figure 4.9). 
As can be seen in Figure 4.9, for a wire metamaterial resonator (top panels) 
the magnetic field is always localized at the resonator surface, while for a 
dielectric resonator (bottom panels) the magnetic field is localized inside 
the high permittivity structure, and electric field is localized at the surface. 
That is why the dielectric resonator can be employed only in the case when 
the object under study is placed inside of a high-permittivity resonator, 
which seems to be quite challenging. 
 There are several ways how the proposed approach can be used for 
real applications in hospitals: 
 (1) A metasurface can be embedded in a patient table in order to 
improve the whole body imaging (Figure 4.10(a,b)). The wires with the 
length that is equal to the transverse dimension of the patient table are 
arranged orthogonal to the static magnetic field along y direction. The 
edges of wires are loaded on high permittivity material. This substantially 
enhances the safe region which is plotted as black dashed rectangle on the 
Figure 4.10(a). By choosing appropriate material permittivity and the wire 
length it is possible to make the patient table area fully safe. The number of 
 
 
Figure 4.10: Possible implementations of the metasurface. 
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wires in the z direction can be optimized in view of concrete application 
(for example, the length of metasurface in z direction can be chosen to be 
comparable with the human head in a longitudinal dimension, see white 
lines on Figure 4.10(a)). Automatically control mechanical system can be 
employed to change the position of metasurface inside the patient table (see 
white arrows on Figure 4.10(a)). Before an examination the MR technician 
chooses that part of the patient that will be scanned. Next, the metasurface 
is shifted to the corresponding part of the table and an examination is 
started. If the metasurface is not employed for the examination it can be 
shifted to the end of the patient table in the region where its influence will 
be minimized.  
 In modern MR scanners, the posterior receive coils element are 
integrated in the table and they can be independently moved in and out 
from the table. This creates some extra space between coil and patient 
compared to a situation where posterior coil element is in direct contact 
with patient. The result is that that SNR is suboptimal. Here a passive 
metasurface can help to collimate the field more and enhance it, thus 
minimize the signal drop off from coil to patient. 
 (2) The metasurface can be employed as a special liner between the 
coil and the patient (Figure 4.10(c,d)). There is a space between the patient 
and the coil where the liner can be inserted. This will give the possibilities 
for better matching between the patient and the coil. Due to the fact that the 
liner can be very thin (up to one layer of wires) this will not lead to the 
discomfort of the patient. In order to prevent the patient heating, the edges 
of the wires can be bent out of the patient (Figure 4.10(d)). This will not 
distort the metasurface characteristic, while guarantee the safety. 
 (3) Metal strips can be printed on special clothes, so that a patient 
may wear a special lightweight jacket before the scanning. In this case, the 
metasurface can cover the objects from all sides. 
 For all described approaches an existing MRI coils and a majority of 
the techniques can still be used, while the performance will be increased 
with the aid of a metasurface. The proposed approach can potentially be 
applied for scans of humans and animals. The only one restriction is the 
penetration depth. So at this stage the metasurface can be used it in order to 
scan wrists, feet, eyes, ears and other organs and tissues. Further 
development can help solve the problems with the penetration depths. It 
can be potentially enhanced by using different (lowest) modes of the 
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metasurfaces and structures with a smaller period. Moreover, modifications 
of the resonators in order to cover the patients from all sides will give a 
larger area where we can achieve enhanced SNR.  
 In the following Section 4.3 I generalized metasurface approach for 
ultra-high field 7 T MRI and demonstrate first in-vivo imaging of human 
brain enhanced by the metasurface.  
 
 
4.3. Flexible metasurface for ultra-high field MRI 
For many diagnostic purposes as well as functional imaging applications 
local radiofrequency (RF) efficiency control and increase in sensitivity are 
desirable. This is where artificial structures can be beneficial, since these 
can locally shape the RF field distribution in the region of interest. One 
materials-based approach to tailoring the distribution of electromagnetic 
fields for high field MRI has been the application of peroskovite-based  
high permittivity materials [227, 228]. MRI applications have used 
moldable slurries consisting of CaTiO3 and BaTiO3 mixed with water or 
deuterated water. Such suspensions with CaTiO3 can reach relative 
permittivity of up to 150 and with BaTiO3 up to 300 [116]. High 
permittivity materials have been shown to be beneficial in local and global 
RF shimming [227], reduction in the power deposited in human subjects 
and signal-to-noise ratio (SNR) improvement for different applications at 
high field [208].  
 In this Section I consider the first design of a flexible, thin (8 mm) 
and compact hybrid metasurface incorporating high permittivity materials 
to redistribute and focus RF magnetic field in the region of interest (Figure 
4.11(a)). Specifically, applications of the hybrid metasurface in an 
examination of the human brain at 7 Tesla are shown, concentrating on 
increasing the SNR in the occipital cortex. The hybrid metasurface is 
shown schematically in Figure 4.11(c). Metallic strips with a thickness of a 
few tens of micrometers are attached to both sides of a flexible 8 mm thick 
pad made from a CaTiO3 slurry with a relative permittivity of 110. The 
metasurface is designed to fit between the patient and the close-fitting RF 
receive coil array and to cover the region in the brain where an increase in 
MRI sensitivity is required (Figure 4.11(a)). The fundamental principle 
behind the enhancement phenomenon, according to the Section 4.2, is the 
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spatial redistribution and enhancement of electromagnetic near field by the 
resonant excitation of the specific eigenmode of the metasurface. This 
phenomenon can be understood by considering the metamaterial's 
geometry (Figure 4.11(c)). The length of the longer strips is designed to be 
slightly shorter than that required to produce the first half-wavelength 
resonance at 298 MHz. The length and the spacing between the strips 
control the frequency of the resonant modes as has been shown in previous 
studies. The specific eigenmode of the metasurface used for MRI has a 
similar magnetic field distribution to the TE01 mode of a square dielectric 
resonator. It is interesting to note that an analogous structure has been 
employed to achieve a negative refractive index in microwave applications 
[229]. Figure 4.11(d) shows numerically calculated magnetic  (left) and 
electric (right) field maps in the region of interest which is depicted as a 
dashed rectangle. Placing the metasurface near the patient modifies the 
field pattern of the RF coil due to the “focusing” of the magnetic field 
(Figure 4.11(d)) in the region-of-interest (ROI). The “focusing” exploits the 
passively coupling of the metamaterial to the MR excitation coil. In this 
way, the metasurface is able to provide higher local efficiency of the RF 
transmitted field and a higher image SNR due to higher receive sensitivity. 
 
 
Figure 4.11: Structural geometry of the metamaterial and simulation of 
near field magnetic and electric field distributions. (a) Schematic of the 
MRI setup with a cut-out for better visualization of the setup. (b) A 
photograph of the in-vivo experiment including the transmit (outer) and 
multi-element receive coil array (inner). (c) Artist’s view of the hybrid 
metasurface, including high permittivity dielectric substrate (left) combined 
with its metallic structure (right). (d) Numerically calculated magnetic 
(left) and electric (right) field maps in vacuum near the metasurfaces 
(shown as a blue rectangle). The region of interest is depicted as a black 
dashed rectangle. 
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It is important to note that, while in the case of negative refraction [229] the 
short wire pairs represent an artificial “magnetic atom” which displays 
magnetic resonance [230], in the current design the non-resonant short 
strips were added in order to further modify the near field pattern of the 
eigenmode to obtain a greater increase in the MRI sensitivity and to 
perform fine tuning of the metasurface (see more details in [231]). 
 For the in-vivo brain imaging, a special interest is the occipital 
cortex, which is commonly studied in anatomical, functional and 
spectroscopic studies involving the visual cortex. Based on the results of 
electromagnetic simulations a metasurface resonating at 298 MHz was 
designed with two long strips (length 17.5cm) and a 3x3 matrix of 3 cm 
length short strips. The structure was constructed from 25 micrometre thick 
 
 
Figure 4.12: Simulated and measured transmit (  
 ) fields in an oil 
phantom. (a)   
  maps and the experimentally acquired low flip angle 
gradient echo images: (left to right) no artificial structure; with dielectric 
material only; with the metasurface structure. (b) Measured (solid line) and 
simulated (dashed line)   
  profile, along the yellow dashed line. 
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copper strips. The distance between the strips was 1 cm. The full structure 
size was 17.5 x 17.5 x 0.9 cm
3
 including a 0.8 cm thick dielectric layer and 
a plastic sheet on which copper strips were attached. The high permittivity 
dielectric layer consists of an aqueous suspension of calcium titanate in 
water, with a relative permittivity of 110 and conductivity of 0.09 S/m 
(CaTiO3 to water volume ratio of 3:1 v/v), which allowed a flexible 
structure to be formed. Simulations and phantom experiments were 
performed to determine the performance of the metasurface. 
 Electromagnetic simulations were performed using finite integration 
technique (FIT) software, CST Microwave Studio. The RF transmit field is  
defined as a left circularly polarized transverse field   
                 
and the receive field as   
             
   . The magnitude of the RF 
 
 
Figure 4.13: Results of electromagnetic simulations of the human head 
showing mesh plots of the   
  distribution along a central axial cross-
section of the brain for the following setups: (a) no structure, (b) with 
metasurface tuned to 298 MHz, (c) with metallic strips only and (d) with 
the dielectric substrate only. The axial cross section of the brain and the 
metasurface location (in blue) is shown in the centre. The blue dashed 
ellipse shows the region of interest in the occipital cortex. 
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transmit field defines the excitation tip angle   applied to the spins in the 
excited volume,      
  . The SNR of the image is proportional to 
       
      (more details available in Sections 1.3, 4.2 and in [105]), 
where P is the accepted power of the coil. All RF transmit (  
 ) maps were 
normalized to an accepted power of 1 Watt. The simulation setup included 
a 16-rung high pass quadrature birdcage coil (inner diameter 30 cm; rung 
length 18 cm), corresponding to the transmit coil used for experimental 
measurements. 
 
 Phantom and in-vivo images of a volunteer were acquired on a 
Philips Achieva 7 T MRI system. All methods were carried out in 
accordance with Leiden University Medical Center guidelines and 
regulations. Phantom experiments were performed using a quadrature head 
birdcage coil (Nova Medical NM-008A-7P) for both transmit and receive. 
The phantom consisted of oil, since it has a very low relative permittivity 
of 5 and therefore there are no wavelength effects within the phantom. 
Three setups were used – the first without any structure in place, the second 
with an 8 mm thick CaTiO3 dielectric pad, and the third with the 
metasurface structure. The experiment was performed using a birdcage coil 
for both transmit and receive, and a low-tip angle excitation gradient echo 
sequence which produces images in which the SNR is proportional to the 
product of the RF transmit field (  
 ) and the complex conjugate of the 
receive sensitivity (  
  ). Figure 4.12 compares the electromagnetic 
simulations and the experimentally-acquired images. It can be seen in the 
simulation that the increase of the B1
+
 is approximately a factor-of-three 
close to the metasurface. Since the same RF coil is used to receive the 
signal, the   
  also increases by a factor-of-three by the principle of 
reciprocity.   
 For in-vivo simulations the coil was loaded with the Virtual family 
model "Ella" dataset which consists of 76 different tissues with assigned 
values of permittivity and conductivity. The mesh resolution was 
1.0x1.0x1.0 mm
3
. The metasurface structure was curved to best fit the 
shape of the head. To account for the actual structure of the metasurface, in 
addition to the high permittivity layer, the simulation also included an 
interface between the copper strips and the dielectric layer of 0.5 mm 
thickness with    . Figure 4.13 compares simulations of the   
  field in 
an electromagnetic model of the human head: (a) under normal scanning 
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conditions, (b) with the metasurface placed close to the occipital cortex, (c) 
with the copper strips only and (d) with the dielectric material only. The 
effect of the metasurface is clear, with a maximum enhancement ratio of 
approximately 2.7 compared to the normal scanning conditions. 
 In-vivo brain scanning was performed with the metasurface structure 
placed close to the occipital cortex, as shown in Figure 4.11(a). The same 
quadrature birdcage coil was used for RF transmission and a close-fitting 
32-channel receive head coil (Nova Medical NMSC-025-32-7P). The 
images included a standard gradient-echo sequence that was used for SNR 
estimation and   
  maps images were acquired using the DREAM 
 
 
Figure 4.14: In-vivo imaging and spectroscopy results with and without 
the metasurface. (a) Measured RF transmit field (  
 ) maps (left panels) 
and   
  profile along the dashed black line (right panel). (b) Low flip angle 
MR images of the brain. (c) Localized 
1
H spectroscopy performed without 
(left) and with (right) the metasurface (the location of the voxel is shown 
by the orange overlay in the anatomic image). The intensities of the 
spectral plots are in arbitrary units (normalized to the root-mean-square 
noise).cortex. 
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sequence. The following scan parameters were used for gradient echo 
sequence: FOV 24 x 24 cm
2
, spatial resolution 1.5 x 1.5 x 5.0 mm
3
, TR/TE 
10/3.4 ms, flip angle 5°; and for DREAM sequence: FOV 24 × 24 cm2, 
spatial resolution 2.5 × 2.5 × 5.0 mm3, TR/ TE 3/1.7 ms,   
  encoding tip 
angle 50° and imaging tip angle 10°. The localized 1H spectroscopy used 
STEAM sequence with TE of 12 ms, mixing time of 13 ms and TR of 3000 
ms, 15 × 15 × 15 mm3 voxel, 64 averages. 
 The effect of the metasurface on the isolation between different 
receiver elements in the 32-channel receive coil array, loaded with a 
phantom that simulated the human head, was determined via S12 
measurements of different pairs of elements using a network analyzer. 
There were no systematic differences, with some channels showing slightly 
enhanced (~1 dB) coupling and others slightly reduced (~1 dB) coupling. 
In addition to the magnetic field distribution, it is essential to consider the 
effect of the metasurface on the power deposition in the patient, which is 
expressed as the local specific absorption rate (SAR) averaged over 10 
grams. Electromagnetic simulations show that the maximum local SAR in 
the brain was increased from 0.4 W/kg to 0.65 W/kg with the metasurface 
in place. However, this value lies well below the FDA limit of 3.2 W/kg for 
in vivo imaging. 
 Figure 4.14 shows experimental maps (in one of the four volunteers 
studied) of the   
  produced using the metasurface close to the occipital 
cortex: the   
  is derived from a low tip angle gradient echo image which is 
also displayed. Four volunteers were scanned and the average enhancement 
ratio over the ROI for the RF transmit field was        . Taking into 
account the previously-mentioned increase in maximum SAR, the increase 
in transmit efficiency per square root of maximum SAR, the standard 
metric used in assessing RF coil efficiency, was a factor of           . In 
practical terms the increase in transmit efficiency means that the amplitude 
or duration of the transmitted RF pulse can be reduced by the equivalent 
factor. 
 The average enhancement in the receive field was measured to be 
          (the enhancement in the receive field was normalized by the 
standard deviation of the noise in the image). The image SNR increases by 
a factor proportional to   
  and in SNR-limited applications this increase 
can be converted into higher imaging resolution or reduced scanning times. 
An example of the type of experiment which is very suited to high field, 
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localized 
1
H spectra from a small area in the occipital lobe are shown in 
Figure 4.14(c). An increase of 50% in the SNR of the spectra was obtained 
by using the metasurface, which agrees well with the increase in the 
simulated   
  field integrated over the spectroscopic volume. This increase 
of 50% corresponds to a decrease in total experimental time of a factor-of-
two for a constant SNR, which represents an important improvement for 
spectroscopic acquisitions which typically take tens of minutes. 
 I would like to mention my contribution to the Section 4.3: I was 
involved in the numerical and theoretical studies of metasurface properties 
as well as participated in the localized 
1
H spectroscopy measurements. Dr. 
R. Schmidt performed in-vivo imaging of human brain and detailed 
simulations of the human model.  
 
 
4.4. Summary 
In this Chapter, I revealed how to exploit the unique properties of 
metasurfaces for the substantial improvement of the MRI efficiency. The 
placement of the metasurfaces in any MRI machine results in spatial 
redistribution of electromagnetic field and giant enhancement of the 
radiofrequency magnetic field in the region of interest, thus strongly 
increasing the scanner sensitivity, signal-to-noise ratio, and image 
resolution. 
 In particular, in Section 4.2 I have realized a metamaterial resonator 
in the form of a wire metasurface. The resonance mode of the wire array is 
spectrally tuned to the nuclear magnetic resonance. This leads to a 
substantial enhancement of the signal-to-noise ratio enabling a reduction of 
the MRI scanning time and also obtain higher image resolutions. Also, it 
provides an opportunity to locally control the electric and magnetic fields 
near the object. I demonstrated experimentally main predictions for a 
commercially available 1.5 T MRI scanner and a biological tissue sample 
(ex vivo fish). 
 In Section 4.3 I further advanced metasurface concept in in-vivo 
imaging and spectroscopy of the human brain at ultra high field 7 T MRI. 
This study has demonstrated a new design of a flexible and compact hybrid 
metasurface structure which can enhance the local RF transmit and receive 
efficiency in MRI. Since the design is thin and flexible, it can be shaped to 
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the anatomy of the patient, which is essential for combined operation with 
high density receive arrays. This structure enables manipulation of the 
magnetic field distribution in the region of interest, demonstrating the first 
applications of metasurfaces-based devices for in-vivo imaging and 
spectroscopy of the brain, concentrating on the occipital cortex as a region 
of interest. This represents the first practical demonstration of a 
metasurface integrated with the multi-element receive arrays which are 
used in all clinical scans.  
 There exist many possible implementations of metasurfaces for 
medical examinations. For example, metal strips can be printed on clothes, 
so that a patient will have to wear a special lightweight jacket before the 
examination. In this particular case, the metasurface produces a 
homogeneous excitation from all sides. This involves no health risks 
provided that the strip ends are isolated from the patient, while it gives a 
possibility to use any desirable RF coils positioned near the patient. The 
metasurface can be embedded in certain parts of the patient table or 
integrated within the existing receive arrays.  
 To summarize, the use of metasurface is a promising pathway to 
improve the MRI efficiency and design simple yet effective scanning 
protocols. 
  
The results presented in this Chapter have been published in: 
1. A. P. Slobozhanyuk et al., "Enhancement of magnetic resonance imaging 
with metasurfaces", Advanced Materials 28, 1832 (2016). 
2. R. Schmidt, A. Slobozhanyuk et al., "Flexible and compact hybrid 
metasurfaces for enhanced ultra high field in vivo magnetic resonance 
imaging", Scientific Reports 7 , 1678 (2017). 
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Chapter 5  
 
______________________________________________________________________________ 
Conclusions 
______________________________________________________________________________  
 
Rapidly expanding fundamental research in the field of metamaterials in 
the past 17 years has revolutionized our standard approaches to the 
manipulation of electromagnetic waves via engineering unusual material 
properties, as well as has helped to develop entirely novel concepts and 
ideas. In this thesis, I have employed the metamaterial concepts for the 
study of novel physical phenomena related to the emerging field of 
topological photonics, and also developed innovative applications of 
metamaterials via the realization of specific devices for improving the 
performance of magnetic resonance imaging (MRI) machines. Such a 
synergetic approach highlighted the importance of the metamaterial 
concepts from different viewpoints, and also allowed me to work at the 
border separating fundamental physics and its practical applications. 
 The field of topological photonics has emerged recently through the 
expansion of ideas developed in condensed-matter physics into the physics 
of light and light-matter interactions. Some sophisticated designs, including 
recently studied 3D systems, have been developed to build topological 
insulators for light, and spectacular properties of photons transported 
without any loss, scattering and back-reflections have been confirmed 
experimentally. Unfortunately, many of these original proposals are based 
on magnetic materials or metallic elements whose functionality cannot be 
extended to IR and visible frequency domains due to either a lack of 
magnetic materials or high Ohmic losses associated with metals. In this 
respect, novel designs of dielectric topological structures based on chiral 
waveguides and arrays of ring resonators demonstrate desirable properties 
at the optical frequencies. However, these structures are quite bulky and 
can be thousands of wavelengths in size, thus limiting applications in 
nanophotonics. Thus, it is of a high practical relevance to realize 
topological systems not only made of compatible photonic materials but 
also being compact enough for further integration within the modern 
photonic circuitry. In Chapter 2 and Chapter 3 I developed and studied 
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entirely different designs of compact photonic topological insulators 
mainly based on all-dielectric meta-atoms and metamaterials. 
 In Chapter 2, a novel type of photonic topological edge states in 
zigzag arrays of dielectric particles based on optically-induced magnetic 
Mie resonances has been suggested. The proposed concept has been 
verified by the proof-of-principle microwave experiments with dielectric 
spherical particles; it has been demonstrated experimentally the ability to 
control the subwavelength topologically-protected electromagnetic edge 
modes by changing the polarization of an incident wave. Also, here I 
presented a systematic study of topological phase transitions at the 
nanoscale, observed through the analysis of the SNOM images of localized 
light in silicon nanoparticle arrays with different zigzag angles. Finally, in 
Chapter 2, I bridged together two seemingly distinct subjects, namely 
topological photonics and optical spin Hall effect, by predicting and 
demonstrating experimentally the effect of topologically-protected edge 
states on the photonic spin Hall effect. 
 Inspired by theoretical proposals of photonic topological insulators 
based on bianisotropic metamaterials, in Chapter 3 I proposed different 
experimental designs, based on metallic and dielectric meta-atoms, and 
performed detailed experimental characterization of topological properties. 
For the first time, I have demonstrated experimentally the compact 
topological waveguide and the spin-Hall effect of light for topological edge 
states, which was visualized by near-field spectroscopy. It has been proved 
numerically and experimentally that coupling to the radiation continuum, a 
natural significant contribution of the photonic systems, does not destroy 
topological properties of the system and does not ruin the performance of 
open photonic devices such as metasurfaces. Also, these experimental 
demonstrations bridged a gap between fundamental ideas in topological 
photonics and real on-chip topological devices with previously unattainable 
functionalities, higher performance and robustness, which are highly 
desirable for nanophotonic applications. As a final point, in Chapter 3 I 
have introduced a concept of all-dielectric 3D photonic topological 
insulators and numerically demonstrated that helical electromagnetic 
excitations supported by the proposed topologically nontrivial metamaterial 
are tolerant to sharp bends and propagate without reflection in three 
dimensions. 
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 Chapter 4 is devoted to the practical applications of metasurfaces for 
MRI. Due to a small signal-to-noise ratio, the MRI acquisition is much 
slower than other techniques, such as computed tomography or ultrasound, 
and it is comparable to positron emission tomography. A typical clinical 
protocol might last 30-40 minutes with several different types of scans, 
each having a slightly different contrast, and each scan taking 5-10 
minutes. For applications such as cartilage imaging or for mapping small 
vessels and pathologies, image resolution is limited by available SNR level, 
and often a higher resolution is required to resolve details of clinical 
interest. I revealed how to exploit effectively the unique properties of 
metasurfaces for the substantial improvement of the MRI efficiency. 
Different metasurfaces were employed and a giant enhancement of signal-
to-noise ratio of the clinical 1.5 T and ultra-high field 7 T MRI machines 
was demonstrated. By means of subwavelength manipulation with the 
metasurfaces resonances, it is possible to spatially redistribute 
electromagnetic field and simultaneously enhance radiofrequency magnetic 
field within the region of interest. The main predictions were demonstrated 
experimentally with ex vivo and in vivo measurements. Generally, I have 
proposed a technologically and conceptually novel approach for substantial 
enhancement of the performance of MRI systems. This proposal bridges a 
gap between the fundamental ideas of metamaterials and applications 
spanning the research fields from electromagnetic engineering to medical 
diagnostics. Further development of the proposed concepts will result in a 
number of passive and active devices, which are not based on pre-existing 
technology but are capable to substantially enhance the imaging 
characteristics in various MRI tasks. I do believe that the developed 
concepts and devices will find their application in designing and 
manufacturing the future commercial MRI antennas and coils.  
 The topics covered in this thesis can be extended to a few immediate 
and long term research directions. These include experimental study of 
three dimensional photonic topological insulators and realization of novel 
topologically protected photonic elements and devices with no effect of 
disorder. Specifically, such devices include optical isolators that may block 
reflections into light sources to prevent the generation of phase noise and 
circulators that are crucial to the efficient routing of power in channel-drop 
filters for wavelength division multiplexing, as well as novel topologically 
protected lasers.  
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 On the other side, the results related to the application of 
metasurfaces in MRI can be regarded as the first-step towards the 
development of completely novel devices with superior characteristics. 
Such devices could help in the short-term, in the diagnosis of specific 
pathologies at an earlier stage than currently possible, and in the long-term, 
could change the current radiofrequency techniques used in low, high and 
ultra-high field MRIs. 
 I believe that the ideas developed in this thesis can be of great 
interest to researchers working in the area of metamaterials, metasurfaces 
and topological photonics, along with the broader scientific community 
including areas of electromagnetism, nanophotonics, magnetic resonance 
imaging and spectroscopy.  
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